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ABSTRACT 
 
ASSESSMENT OF BLACK CARBON IN SNOW AND ICE FROM THE 
TIBETAN PLATEAU AND PACIFIC NORTHWEST 
by 
Matthew Glen Jenkins 
December 2011 
 
An ice core from Mt. Geladandong, Tibetan Plateau, spanning 1853-1983, 
and snow samples collected over two winters from the Cascade Mountains were 
analyzed for concentrations of black carbon (BC) using a Single Particle Soot 
Photometer (SP2).  From the ice core, the high-resolution BC record displayed 
substantial variability, a 2-fold increase in peak concentrations from 1853-1930 to 
1930-1983, and a 1.6-fold increase in average concentrations from 1853-1975 to 
1975-1983.  Concentrations were also higher than at two areas closer to BC 
sources and analyzed by the same method.  In the Pacific Northwest, BC 
concentrations varied seasonally and annually, with the highest concentrations in 
the first winter (2010) and spring of both years. Estimates for BC-induced 
reductions in albedo ranged from 0.1-5.5% for both sites, and may be high 
enough to impact on snow, ice, and water resources when analytical 
uncertainties, the timing of reductions, and the potential for feedback cycles are 
considered.   
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CHAPTER I 
INTRODUCTION 
 
Black carbon (BC), produced by the incomplete combustion of biomass 
and fossil fuels, is estimated to have 55% of the atmospheric warming effect of 
CO2 and is the second largest contributor to global warming (Ramanathan and 
Carmichael, 2008). When deposited on snow and ice, the BC particles darken 
the surface and enhance energy absorption, resulting in rapid melting (Hansen 
and Nazarenko, 2004). Although BC has a significant climate effect, it has a short 
atmospheric lifetime (~days to weeks) compared to CO2 (~100 years), meaning 
that a reduction in BC emissions will have a mitigating effect on warming trends 
in the near future.  Unfortunately, our quantitative understanding of how BC 
concentrations vary spatially and temporally is limited, making BC one of the 
largest sources of uncertainty in climate change analyses.  As BC deposition is 
known to increase energy absorption (Hansen and Nazarenko, 2004; Flanner et 
al., 2007; 2009), potentially resulting in early melting of the seasonal snowpack 
and glacial retreat, it is necessary to determine the extent that snow and ice is 
affected by BC.  The study of BC in the Tibetan Plateau and Pacific Northwest is 
particularly important; the Tibetan Plateau holds the largest amount of glacial ice 
outside the polar regions, providing fresh water to over a billion people (Barnett et 
al., 2005), and in much of the Western US, the seasonal snowpack is responsible 
for up to 70% of annual water supplies (Hamlet et al., 2005).
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BC in the Atmosphere 
Formed by combustion processes like the burning of fossil and bio fuels, 
carbonaceous particles (CP) in the atmosphere alter the planetʼs radiative energy 
balance both by absorbing and scattering light (direct effect) and through the 
formation of clouds (indirect effect), and are composed of three main 
components: organic carbon (OC), black carbon (BC) and elemental carbon (EC) 
(Lavanchy et al., 1999).  OC and EC are defined thermally, whereas BC is 
optically defined.  BC and EC represent the same fraction of CP; the term EC is 
used for thermal and wet chemical applications, whereas BC is used to describe 
the light absorbing components as determined by optical methods (Andreae and 
Gelencser, 2006).  The effect any particular agent has on the global energy 
balance is referred to as a climate forcing, and is measured in watts per square 
meter (W/m2) (Fig. 1). 
 
Figure 1.  Top-of-atmosphere (TOA) climate forcings for several agents.  Positive numbers 
indicate a warming effect.  Modified from Hansen et al. (2005). 
 
For atmospheric BC, this forcing occurs in two ways: (1) BC absorbs solar 
radiation reflected by the surface-atmosphere-cloud system and reduces 
planetary albedo, and (2) BC inside cloud droplets decreases the albedo of 
clouds by enhancing energy absorption (Ramanathan and Carmichael, 2008).  
3 
For a given forcing, the subsequent effect on temperature with relation to CO2 is 
known as the “efficacy” (Hansen et al., 2005).  Estimates for global atmospheric 
BC forcing range from +0.05-0.50 W/m2, with an associated efficacy of ~2, 
indicating that for a given forcing, BC has twice the influence of CO2 on 
temperature (Hansen and Nazarenko, 2004).  However, the efficient scavenging 
of BC by both wet and dry deposition limits BCʼs atmospheric residence time to 
~days to weeks, which results in effects that are localized to source regions  
(Lavanchy et al., 1999; Ramanathan and Carmichael, 2008)(Fig. 2).   
Figure 2. (a) BC emissions (tons per year, 1996). (b) Atmospheric solar heating due to BC (2001-
2003), indicating BC effects that are highly correlated to source regions. From Ramanathan and 
Carmichael (2008). 
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BC in Snow and Ice 
In addition to the effects of BC in the atmosphere, BC deposited on snow 
can have a substantial impact when present in high enough concentrations; 
primarily, the dark BC particles reduce the reflectivity (albedo) and increase 
energy absorption, which potentially leads to enhanced melting (Flanner et al., 
2009; Hadley et al., 2010; Hansen and Nazarenko, 2004; Ramanathan and 
Carmichael, 2008; Qian et al., 2009).  Post-deposition, several positive 
feedbacks can occur which amplify the warming effect of BC: (1) warmer snow 
temperatures increase snow effective radius, physically darkening the snow, (2) 
the radiative effect of BC for a given mass mixing ratio is greater with a larger 
snow effective radius, (3) hydrophobic impurities near the snow surface are 
concentrated during melting, and (4) poor surface-atmosphere energy exchange 
at high latitudes results in a strong temperature response to surface forcings (e.g. 
from BC reducing snow albedo) (Flanner et al., 2007).  Hansen and Nazarenko 
(2004) attribute ~0.17°C warming to BCʼs effect on snow and ice albedo, 
accounting for ~25% of observed global warming in the 20th century.  Other 
models (Jacobson, 2004) indicate that even small concentrations of BC (~5 µg/L) 
could reduce sea ice albedos by 0.4%, resulting in a global temperature increase 
of 0.06 °C per decade.  Modeled results have shown that albedo reductions of 
~1% can be caused by BC in concentrations ranging from 10 to 50 µg/L (Flanner 
et al., 2007; Hadley et al., 2010; Ming et al., 2009; Warren and Wiscombe, 1980; 
Yasunari et al., 2010).  This reduction can result in increased melting, which 
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causes further reductions in albedo as snow grain size increases and BC 
becomes concentrated in the diminishing snowpack (Aamaas et al., 2011; 
Conway et al., 1996; Flanner et al., 2007; Hadley et al., 2010).  This feedback 
cycle is particularly troubling during spring for seasonal snowpacks, when BC 
concentrations are highest, solar insolation is the most intense (for seasonal 
snow), and snow-cover duration has the largest impact on the timing and 
availability of water resources (Barnett et al., 2005; Flanner et al., 2009; Qian et 
al., 2009).  For glacial ice in the Himalaya and Tibetan Plateau, the highest BC 
concentrations are observed during the winter/spring and only exhibit strong 
climate forcings if present at the ablation surface during high summer insolation.  
Therefore, it is necessary to determine the extent to which BC is impacting snow 
and ice from the Tibetan Plateau and Pacific Northwest.  To accomplish this, an 
ice core from the Tibetan Plateau spanning 1853-1983 was processed, and 
weekly snow samples were collected from the Cascade Mountains in Washington 
State. All samples were analyzed using a Single Particle Soot Photometer (SP2) 
for liquid-phase analysis.  The records were compared to previous studies in the 
regions, and backward trajectories were calculated to determine potential source 
regions of BC.  Finally, estimates of BC-induced reductions in albedo were made 
and their qualitative potential impact on water resources is discussed. 
	  
	   6 
CHAPTER II 
DETAILED REVIEW OF PREVIOUS WORKS 
 
Overview 
The potential impacts of BC in the climate system are large, yet 
uncertainties still exist regarding BCʼs past, present, and future role.  The majority 
of modeling efforts attempting to quantify BCʼs global effects rely on BC 
concentrations derived from historical emissions inventories (Novakov et al., 
2003; Bond et al., 2007).  Thus, current and historical records of BC 
concentrations in the atmosphere and snow and ice are vital for improving 
predictive modeling efforts and ground-truthing emissions estimates.  Whereas 
research regarding atmospheric BC is prevalent, relatively few studies exist 
attempting to quantify past and present concentrations of BC in snow and ice.  
Ice cores recovered from mountain glaciers and polar ice sheets currently 
represent the best tool for reconstructing historical BC records, resolving annual 
and sometimes seasonal variations in BC. 
 
Long-term Records 
Some of the first and longest records of BC concentrations in snow and ice were 
recovered from the Arctic and Antarctic (Cachier and Pertuisot, 1994; Chylek et 
al., 1987; Chylek et al., 1992; Chylek et al., 1995).  However, these records are 
discontinuous and do not represent BC records to present, when the
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largest emissions of BC are estimated (Bond et al., 2004; Bond et al., 2007; 
Novakov et al., 2003).  In order to investigate the impact of these recent 
emissions, it is necessary to examine changes in BC concentrations from pre-
industrial time to present, and currently only a few records of BC exist spanning 
this time period (Bisiaux et al., 2011; Jenk et al., 2006; Kaspari et al., 2011; 
Lavanchy et al., 1999; McConnell et al., 2007)(Fig. 3). 
Using an ice core recovered from Colle Gnifetti in the Bernese Oberland of 
the Swiss Alps, Lavanchy et al. (1999) determined BC concentrations in western 
Europe from ~1755-1975.  Concentrations displayed a marked increase after 
1890, representing an approximate 4-fold increase between pre-industrial (before 
1890) to 1975.  A second record of elemental carbon from the same region was 
established representing the time period 1650-1940 (Jenk et al., 2006).  Here a 
6-fold increase in elemental carbon concentrations was observed from pre-
industrial to present, although this core lacks any record of changing emissions 
since 1940.  The timing of the increase in BC/EC in the Swiss Alps was 
coincident with increases in BC emissions from Germany, France, Switzerland, 
and Italy, suggesting that snow and ice in the high Alps was impacted during 
European industrialization (Lavanchy et al., 1999).  Similarly, McConnell et al. 
(2007) found an increase in BC concentrations from pre-industrial to present 
reflecting the industrialization of North America through the high-resolution 
analysis of a Greenland ice core.  The first record to demonstrate the 
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Figure 3.  BC concentrations from 1800-2000 from ice core records from the Swiss Alps, Mt. 
Everest, Greenland, and Antarctica.  Data was obtained by digitizing the figures in the original 
works. 
 
historical seasonality of BC, the authors reconstructed BC concentrations in 
Greenland from 1788-2002, noticing peak concentrations during summer 
(attributed to forest fires) pre-1850.  Post-1850, concentrations gradually 
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increased until the early 1900s at ten times the pre-industrial levels. BC 
concentrations steadily declined through the late 1940s, followed by a sharp drop 
in 1952 for the rest of the record to near background levels.  This trend follows 
closely the BC emission trend of the United States (Novakov et al., 2003): a rapid 
increase in the late 1800s, leveling off in the early 1900s, a sharp drop in the 
1950s, and a slow decline to present.  That the trend in BC concentrations in 
central Greenland matches that of emissions in North America suggests that the 
majority of BC deposited here post-industrialization was generated in North 
America, peaking at a 10-fold increase, and an extrapolated 10-fold increase in 
Arctic climate forcing (McConnell et al., 2007).   
Kaspari et al. (2011) reconstructed BC concentrations from 1860-2000 
using an ice core recovered from Mt. Everest.  Similar to previous records, BC 
was highly seasonal with peak concentrations occurring during the dry winter-
spring when atmospheric circulation is dominated by the westerlies and BC is 
transported long distances to high elevations in the Himalaya.  Monsoonal 
circulation in the summer causes high precipitation and the scavenging of BC, 
resulting in low concentrations at the core site.  BC concentrations post 1975 
displayed a ~3-fold increase in average BC concentrations relative to the period 
1860-1975.  This is coincident with increasing energy related combustion (and 
therefore BC emissions) in South Asia and the Middle East.  From 1990-2000, 
BC concentrations in the ice core remained stable, yet BC emissions reportedly 
continued to increase.  It is likely that the Mt. Everest site receives BC from both 
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regional and long-distance sources, and a decrease in BC emitted from Eastern 
Europe during this time may explain the plateau in BC concentrations.  
BCʼs annual, seasonal, and temporal variability was also investigated by 
Bisiaux et al. (2011) from 1850-2000 in two Antarctic Ice cores.  BC 
concentrations as reconstructed here displayed ENSO-like annual and decadal 
variability prior to 1950.  Post-1950 concentrations rapidly declined until 1980 
where they returned to pre-1950 levels.  The decadal variations however, were 
not associated with ENSO periodicity.  The abrupt drop in concentrations after 
1950 coincides with decreasing Australian emissions and Southern Hemisphere 
grassfires, suggesting that BC concentrations in Antarctica are closely related to 
southern hemisphere biofuel and biomass burning. 
These records indicate that BC concentrations in high mountain glaciers 
and ice sheets vary closely with the regional emissions of BC.  Three records 
demonstrate an increase in concentrations coincident with the industrialization of 
the source regions (Western Europe for the Swiss Alps core, North America for 
the Greenland core, and South Asia/Eastern Europe for the Everest core).  The 
timing of peak BC concentrations in each core occurs shortly after periods of 
peak emissions – peak BC in the Greenland and European cores occur around 
the early 1900s, whereas peak BC concentrations in Asia occur around 1975.  
The records from Antarctica (Bisiaux et al., 2011) indicate that BC deposited here 
is more highly correlated to biomass burning and grassfire emissions from the 
Southern Hemisphere than fossil fuel emissions from these countries in the past.  
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Novakov et al. (2003) indicate that BC emission is related to the efficiency of 
which fuel is burned in addition to the overall amount.  Thus, due to increasing 
efficiency, the majority of the Western world (U.S., W. Europe) contributes 
significantly less to global emissions than they used to, which is evidenced by the 
recent decrease in BC concentrations at both the Swiss Alps and Greenland 
sites.  
 
BC in Asia 
Currently, the largest sources of BC are located in Asia, accounting for 25-
35% of global emissions (Bond et al., 2007; Ramanathan and Carmichael, 2008), 
although much of these emissions are downwind of study sites in the Himalaya 
and Tibetan Plateau.  The effect of these emissions is prominent: Flanner et al. 
(2007) estimates the largest global climate forcing due to BC in snow occurs over 
the Tibetan Plateau and Himalaya, and is equal to that of greenhouse-gas-
induced warming in the region.  Quantitative investigations of BC are integral for 
accurately assessing the impact of BC on snow and ice in the region known as 
“The Third Pole.”   This region is the source of nearly all of Asiaʼs largest rivers, 
which are responsible for supplying fresh water to over a billion people (Barnett 
et al., 2005; Immerzeel et al., 2010).  However, measurements of regional BC 
concentrations are limited to a handful of studies (Liu et al., 2008; Ming et al., 
2008, 2009; Xu et al., 2009; Kaspari et al., 2011)(Fig. 4).  
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From 2001 to 2003, Liu et al. recovered ice cores from Muztagh Ata on the 
northern edge of the Tibetan Plateau (Fig. 4b).  One of the cores was analyzed 
for concentrations of OC and EC representing the time period 1955-2000.  
Average concentrations were highest between 1955-1966, then decreased until 
1974 when they began a gradual increase to present.  Back-trajectory analysis 
indicated that the majority of air masses depositing CP at Muztagh Ata originated 
in the Mediterranean or Caspian Seas and traveled over Europe, the Middle 
East, and the Iran Plateau before reaching the drilling site.  However, the trends 
of EC/BC concentrations recovered from the ice core did not match any particular 
emissions trends from these regions.   
Ming et al. (2008) determined BC concentrations spanning 1951-2001 
from a shallow ice core recovered from the East Rongbuk Glacier near Mt. 
Everest (Fig 4c).  Their results found concentrations the highest during recent 
years (1995-2001), and the lowest concentrations occurring from 1976-1994.  
Back-trajectory analysis indicated long distance transport via the westerlies 
during non-monsoon seasons, and relatively short distance transport during the 
Indian summer monsoon from the south. A subsequent study (Ming et al., 2009) 
focused primarily on glaciers in west China and the Tibetan Plateau.  BC 
concentrations were highest in snow from the central Tibetan Plateau and lowest 
near the margins.  Concentrations increased generally with decreasing elevation 
and proximity to population centers.  A reduction in the albedo of subject glaciers  
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Figure 4. (a) BC emissions from 1860-2000, (b) BC records (1950-2000) from sites in Tibetan 
Plateau north of the Himalaya including this work (red dashed) smoothed with a 10-point running 
median for comparison (red solid), and (c) BC records (1950-2000) from sites in the southern 
Tibetan Plateau and Himalaya. All data for BC records were digitized from the original 
publications. 
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was estimated between ~4-6%, which may have had a negative impact on glacial 
mass balance in the region (Ming et al., 2009). 
Xu et al. (2009) investigated BC concentrations in shallow (1950 to 
present) ice cores from five locations on the Tibetan Plateau finding high BC 
concentrations during the 1950s and 1960s, decreased concentrations from 
1970-1990, and an increase from 1990 to present (Fig. 4b, c).  The four sites that 
follow this trend are interpreted to represent European BC emissions, which 
peaked in the 1950s and 1960s and then declined following imposed emissions 
standards (Xu et al., 2009)(Fig. 4a).  The fifth location, Zuoqiupu, the 
easternmost of all the sampling locations, lacks the high concentrations during 
the 1950s and 1960s, instead displaying a consistent increasing trend from the 
1950s to present.  This site is interpreted to be impacted little by European 
emissions and consequently represents a pure Asian BC signal (Xu et al., 2009).  
During the winter of 2010, Huang et al. (2011) collected samples of 
seasonal snow across northern China.  By melting the snow, filtering the resulting 
water through quartz-fiber filters and visually comparing the filters to a set of 
standards, the researchers were able to estimate the “BC-equivalent” 
concentration of absorbing impurities in the snowpacks (that is, the amount of 
pure BC that would be needed to cause an equivalent reduction in albedo).  
Preliminary results indicate that, based on the color of the filters, dust dominates 
the suite of absorbing impurities in arid northwestern China, whereas BC plays a 
more important role in reducing the albedo of snowpacks in the less-arid, more 
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industrialized northeastern areas of China.  BC-equivalent concentrations were 
observed to increase with proximity to industrialized areas, supporting the 
understanding that the impacts of BC are highly correlated to their sources. 
The BC records produced from these studies demonstrate one of two 
general trends: 1) high BC concentrations from ~1950 to the late 1960s, and 
again from the mid-1970s to 1980s, and low concentrations from the late 1960s 
to mid-1970s and from the mid-1980s to present (Fig. 4b), or 2) lower overall 
concentrations that gradually increase to present (Fig. 4c).  Locations north of the 
Himalayas in the Tibetan Plateau (Muztagh Ata, Tanggula, Noijin Kangsang) 
generally follow the first trend, while locations in the Himalaya, the southern 
boundary of the Tibetan Plateau (Everest, Zouqiupu), generally follow the 
second.  These trends are primarily controlled by differences in BC source 
regions and their emissions over time, and are discussed in further detail in 
Chapter IV. 
The Tibetan Plateau portion of this study seeks to investigate changes in 
BC concentrations over a longer period of time than these previous records.  The 
Geladandong core represents BC concentrations from 1853-1983, and provides 
valuable information about processes occurring at lower elevations that are 
experiencing annual melt.  Here we found a trend similar to other records from 
the Tibetan Plateau (Fig. 4b), which is investigated in further detail in Chapter IV. 
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BC in the Pacific Northwest 
While BC research in the Himalaya/Tibetan Plateau is becoming more 
active, limited studies exist addressing BC concentrations and snow albedo in the 
Pacific Northwest.  With as much as 70% of the Western US relying on water 
resources derived from snowmelt, it is particularly important to study the effects 
of BC in this region (Hamlet et al., 2005).  The Cascade Mountains of 
Washington State offer an ideal location to study the influence of BC in the 
Pacific Northwest with high snow accumulation, easy access to sampling 
locations, and many snowmelt-dependent watersheds.  Our knowledge here is 
especially limited; only one observational study has been completed addressing 
the presence of absorbing impurities in Cascade snow and ice (Grenfell et al., 
1981), but completed nearly 30 years ago, this study does not address BC in the 
detail required to draw significant conclusions about concentrations.  However, a 
thorough investigation of the spectral albedo of the snowpack and its evolution is 
provided, determining that in the visible light spectrum the albedo was 
significantly less than expected.  This is attributed to the presence of absorbing 
impurities (primarily graphitic carbon or BC) in the snowpack (Grenfell et al., 
1981).  Only one other study has been completed measuring BC concentrations 
in Washington state snow and ice.  Similar to the work of Grenfell et al. (1981), 
Clarke and Noone (1985) collected old and new surface samples of snow on the 
Olympic peninsula and analyzed for concentrations of BC.   Concentrations here 
were slightly lower than those found in the Cascades by Grenfell, which is 
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probably related to the impact of large metropolitan areas on snow and ice in the 
Cascades. 
Hadley et al. (2010) determined BC concentrations in rain and snow at 
three locations in California (Sierra Nevada, Southern Cascades, and Northern 
California coast). Using a thermal-optical method they determined that the BC 
concentration in falling precipitation was highly correlated with the concentration 
in ambient air, and that nearly all the BC in below-cloud air masses was 
removed, indicating that scavenging of BC was highly efficient (Hadley et al., 
2010).  Another study performed in the Sierra Nevada by Sterle et al. (in prep), 
examined BCʼs deposition and migration in the snowpack over a winter season 
(2008-2009).  Concentrations during the accumulation season (four sampling 
events from Feb. to April) appeared to remain in depositional layers. During the 
melt season (four events in May) concentrations and BC layering mirrored that of 
the accumulation season, suggesting that BC is relatively immobile and remains 
in the snowpack during melting (Sterle et al., in prep).  BC concentrations in 
meltwater collected at the snow-soil boundary adjacent to the site were very low 
confirming that BC remains in the snowpack until the final melt (Sterle et al., in 
prep).  
Modeling efforts (Qian et al., 2009) indicate that the majority of soot 
deposition in the Western US is transported from large coastal cities west and 
southwest of the mountains.  BC was shown to vary highly seasonally and 
spatially (with lowest concentrations during the winter months, and BC 
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concentrations highly correlated with regional sources).  The results of this 
deposition is estimated to decrease snow water equivalent in some regions 
during winter, and shift peak runoff to earlier in spring (Qian et al., 2009).  Most 
importantly, the authors acknowledge that more BC-in-snow measurements are 
necessary in order to improve the accuracy of their models. 
The results of these studies indicate that BC concentrations vary spatially 
in the Western US with differences in emissions, topography, and transport.  
Concentrations of BC in the snowpack were shown to be highly correlated to 
those in the atmosphere, and remain in depositional layers until the final stages 
of melt.  During melting, BC was observed to concentrate at the ablation surface, 
which due to potential albedo-feedback cycles has potential negative impacts for 
water resources.  The relationship between the seasonal snowpack and water 
resources is particularly important in much of the Western US, and as BC is 
known to enhance energy absorption and increase melting, (Hansen and 
Nazarenko, 2004; Qian et al., 2009; Yasunari et al., 2010), additional studies 
investigating BC in the Western US are required. 
The Pacific Northwest portion of this study seeks to enhance our 
knowledge of BC in the Western US by presenting the results of two winters of 
snow samples collected at ~weekly resolution and analyzed for BC using a 
Single Particle Soot Photometer (SP2).  BCʼs seasonal and annual variability 
were determined at the sample site, and compared to other regional studies to 
observe the spatial variability of BC.  Results are presented in Chapter V. 
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CHAPTER III 
METHODOLOGY 
 
Instrumental Background 
A variety of methods exist for determining the concentration of BC in a 
snow or ice sample.  The majority of previous BC research used a thermal-optical 
method to determine carbonaceous particle concentrations in snow and ice.  This 
method requires large sample volumes (~100 mLs, depending on impurity 
concentration) and results in annually to decadally resolved records, depending 
on location and accumulation rate at the ice core site, or how much surface snow 
is available.  Additionally, the presence of other carbon species (i.e., brown 
carbon) and organic material often produce analytical artifacts (charring in the 
heating process) that result in an overestimate of BC concentrations (Andreae 
and Gelencser, 2006; Hadley, 2008).  Samples with high dust loading (Asian ice 
cores, spring snow samples) are particularly susceptible to charring. 
The Single Particle Soot Photometer (SP2; Droplet Measurement Technologies) 
is a BC analytical technique recently applied to liquid samples to determine 
concentrations of BC in snow and ice.  The SP2 uses laser-induced 
incandescence to determine the BC mass in individual particles (Schwarz et al., 
2006; Stephens et al., 2003).  First used for analysis of BC in liquid samples by 
McConnell et al. (2007), the SP2 requires small sample volumes (< 5 mLs, 
depending on concentration) and is not subject to the analytical artifacts common
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in thermal-optical analysis.  Thus, users of the SP2 can produce high-resolution 
records of BC, even resolving seasonal variations (McConnell et al., 2007; 
Kaspari et al., 2011).  For liquid analysis of BC, samples are pumped into an 
ultrasonic nebulizer to remove all liquids and the resulting aerosol is coupled into 
the SP2ʼs sample inlet (Fig. 5).  The particles are introduced into an imaging 
chamber where they intersect a Nd:YAG laser beam and light is both elastically 
scattered and absorbed by the individual particles (Stephens et al., 2003)(Fig. 5).  
The absorbed light causes the BC particles to incandesce and four detectors 
measure the wavelength of the emitted incandescent and scattered light, which is 
linearly proportional to particle mass (Schwarz et al., 2006). Optical filters are 
placed on the two incandescent detectors in order to create a broadband (~350-
800nm) and narrowband (~630-800nm) detector configuration.  On the Central 
Washington University (CWU) instrument, high and low signal gains are applied 
to both the broadband and narrowband detectors to maximize the size range of 
detected particles; the output from the high-gain broadband and low-gain 
narrowband are combined to achieve a total detection range of ~70-800 nm 
mass equivalent diameter. 
 
SP2 Operation, Calibration, and Data Processing 
Data was acquired using Droplet Measurement Technologiesʼ SP2 
Software Version 4.1.  Care was taken to ensure that BC concentrations  
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Figure 5.  SP2 setup and optical head.  Modified from Schwarz et al. (2006) and M. Gysel. 
 
remained stable during file acquisition.  Depending on sample concentration, a 
minimum of 2000-10000 particles was recorded in a sample file.  Properties of 
the SP2 were continuously monitored through the software to ensure stable 
operation of the instrument.  The SP2 was calibrated using Aquadag (Acheson, 
USA), a graphite-based lubricant.  A differential mobility analyzer (DMA) was 
used to size-select particles based on their electrical mobility diameter and direct 
them into the SP2 and a condensation particle counter (CPC) run in parallel.  The 
CPC is used to determine 100% counting efficiency of the SP2.  A calibration 
curve is created by fitting a 2-3 segment quadratic spline to the relationship 
between known BC particle size (from the DMA) and signal peak height from raw 
instrumental output.  The SP2 raw data files were processed using the Paul 
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Scherrer Institutʼs PSI SP2 toolkit.  The PSI toolkit is specific to liquid-phase BC 
analysis and determines concentrations by estimating the total BC mass in a 
sample.  When combined with sample inlet flow rate, nebulizer efficiency, and the 
duration the sample was analyzed, the BC concentration is determined. 
 
Sample Collection, Preparation, and Analysis 
All samples collected from both Blewett Pass sampling events and the 
Geladandong ice core were stored in 50 ml polypropylene vials.  All sample 
collection equipment was pre-cleaned with ultrapure MQ water (~18.0 MΩ/cm), 
and great care was taken during sample collection to prevent contamination.  
After collection, all samples were stored at ambient temperature in a class-1000 
clean laboratory.  Project specific sample collection procedures are located in 
Chapters IV and V.  All samples were analyzed for concentrations of BC at CWU 
in Ellensburg, WA, using an SP2.  Previous work found apparent reductions in 
BC concentrations when samples were refrozen after melting, and only by 
acidifying samples to 0.5 mol HNO3 were concentrations recovered (Kaspari et 
al., 2011).  Limited investigations in this work support the findings of Kaspari et 
al. (2011), particularly for higher concentrations samples where a near linear 
relationship between measured and expected BC concentration was observed 
when analytical standards were acidified (Fig. 6a).  When samples were not 
acidified, the relationship between expected and measured was not linear, and 
displays substantial differences at higher concentrations.  Although the 
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Geladandong and Blewett Pass samples were not refrozen, they were acidified to 
0.5 mol HNO3 using 65% Suprapur nitric acid for consistency with previous work.  
Samples were then sonicated at room temperature for ~15 minutes prior to 
analysis.  During analysis, samples were stirred using a magnetic stirrer and 
nebulized with a Cetac U-5000 AT+ ultrasonic nebulizer, and the sample aerosol 
was coupled to the SP2 inlet.  Liquid flow rate, nebulizer efficiency, and purge 
airflow were monitored throughout sample analyses.  This procedure follows that 
of Kaspari et al. (2011) for high-resolution liquid-phase BC analysis.  
Due to uncertainties in the analysis process, concentrations reported in 
this study represent the lower-limit values and are reported as measured black 
carbon (MBC).  These uncertainties include: 1) losses of BC during sample 
storage to either the vial walls or agglomeration, and 2) losses occurring in the 
Cetac U-5000AT+ ultrasonic nebulizer. Changes in BC concentrations were 
observed over time as snow and ice samples were stored at room temperature in 
the polypropylene vials.  This is potentially due to BC agglomerating and forming 
large particles outside the detection range of the SP2 (70-800 nm), and/or BC 
adhering to the vial walls.  Previous research (Chinnapongse et al., 2011; 
Conway et al., 1996; Koelmans et al., 2009) has suggested that colloidal 
interactions among nanoparticles results in the particles agglomerating together 
over time to form larger particles that settle out of suspension. 
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Figure 6. (a) Aquadag standards analyzed before and after acidification, “estimated BC” is 
concentration calculated by aliquot during standards creation, (b) MBC of non-acidified 
environmental samples from Blewett Pass (4/8/11) over time, and (c) MBC of acidified samples 
over time (3/30/11). 
 
In order to investigate losses of BC during storage, 15 snow samples from 
Blewett Pass were acidified and analyzed within ~1 day of collection and melting, 
and then analyzed periodically over a period of 54 days as the samples remained 
stored at room temperature in a clean laboratory (Fig. 6c). A subsequent study 
examined four samples that had not been acidified and were kept frozen since 
collection.  These samples were melted during sonication and analyzed over a 
period of ten days (Fig. 6b).  Results indicate that MBC losses over time are 
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correlated to an exponential decay function—in some cases highly (R2 > 0.9).  
Samples that had higher starting concentrations were observed to be more highly 
correlated to the decay curve (Fig. 6c).  A number of physical factors may explain 
the variability in some samples, such as changes in nebulizer efficiency, different 
rates of particle agglomeration, and user-related differences (potential 
contamination, flow monitoring, sample acquisition and processing).  To 
determine back-to-back repeatability, three files were acquired in succession 
from the same sample (Table 1).  Standard deviations ranged from 0.02 to 0.22 
µg/L, indicating that our results are generally reproducible when run back-to-
back.  Differences between each run may have resulted from more high-mass 
particles being analyzed at a given time, or subtle errors associated with the 
monitoring of liquid inlet and outlet flows.  These results also highlight that 
although samples stored at room temperature may not be stable over time, a 
distinct difference still exists between high concentration samples and low 
concentration samples. 
Table 1.  Back-to-back sample runs indicate intra-sample variability in MBC concentrations. 
Run 
Sample 1 
(MBC µg/L) 
Sample 2 
(MBC µg/L) 
Sample 3 
(MBC µg/L) 
Sample 4 
(MBC µg/L) 
1  2.51 0.28 1.69 0.33 
2  2.95 0.26 1.68 0.35 
3  2.70 0.37 1.65 0.36 
Std. Dev. 0.22 0.06 0.02 0.02 
 
This suggests that BC concentrations in a melted liquid form may display 
losses over time according to an exponential decay curve, and this may be due 
to BC adhering to the vial walls, colloidal interactions resulting in particle 
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agglomeration, or processes not considered here.  First-order decay would also 
imply that over time samples would reach a relative “equilibrium” in which further 
reductions are minimal.  All samples in this study (from both Geladandong and 
Blewett Pass) were analyzed after being melted for one month or more, 
suggesting they may have been close to “equilibrium” values.  It is also important 
to note that there was still a distinction between samples with high and low 
concentrations (i.e., Sample 1 vs. Sample 2 in Fig. 6c), so relative comparisons 
are still valid.  This is not the only study to suggest that BC may be removed from 
liquids according to first-order decay.  In a simple model estimating BC removal 
from an aquatic system, Koelmans et al., (2009) assumed BC removal by first-
order decay, based on the assumption that BC was removed by slow particle 
dissolution or reaction according to Salmon and Malstrom (2006).  It has been 
suggested that BC agglomeration may be maximized at the point of zero charge, 
and that if samples were made highly acidic or alkaline it would be possible 
reduce agglomeration (A. Johansen, personal communication, 2011).  
Subsequent tests indicated that the point of zero charge may be specific to each 
sample, and it would be necessary to individually adjust the pH of each sample in 
order to minimize agglomeration.  Instead, future research will attempt to keep 
samples frozen until analysis. 
In addition to losses of BC due to sample storage, losses were also 
observed when using the Cetac ultrasonic nebulizer.  Analysis of Aquadag 
standards indicated losses of ~50% between the calculated concentrations of the 
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standards and the instrumental output of the SP2 (Fig. 6a).  Other researchers 
investigating these losses (Kaspari et al., 2011; J. Schwarz, personal 
communication, 2011) have compared particle size distributions of polydispersed 
Aquadag samples during calibration of the SP2 using a Collison-type atomizer 
with particle size distributions during normal operation of the SP2 using the Cetac 
ultrasonic nebulizer.  Preliminary results indicate that particles greater than ~500 
nm are not efficiently nebulized by the Cetac ultrasonic nebulizer (Kaspari et al., 
2011; J. Schwarz, personal communication, 2011), although naturally existing BC 
is estimated to range in size from ~100-1000 nm (Schwarz et al., 2010).  
Therefore, between losses observed during sample storage, and potential losses 
occurring in the ultrasonic nebulizer, the reported BC values may represent 50% 
or less of the original concentration in the sample, and interpretations herein are 
focused on relative differences in BC. 
 
Analytical Standards 
To ensure correct operation of the SP2 and to assess in-stream particle 
losses, standards were created using Aquadag graphite lubricant.  Prior to 
standards creation, samples of Aquadag were dehydrated in order to measure 
the percentage carbon (analysis of Aquadag using thermal-optical methods 
suggests that ~67% of the solids of the specific Aquadag batch is pure carbon; R. 
Subramanian, personal communication, 2011).  A concentrated stock solution 
was then prepared by combining a measured mass of Aquadag solid with 
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ultrapure MQ water.  Standards for analysis were created in concentrations 
ranging from ~0.5 µg/L to ~12.0 µg/L by aliquoting the stock solution and diluting 
with MQ water.  All stock solutions and standards were created in the same 50 
ml polypropylene vials used for sample collection and otherwise treated as 
samples during analysis.  Standards were re-created approximately every month 
during SP2 operation due to decreased concentrations over time.  Because we 
observed the same particle losses (~50%) in the Aquadag standards and they 
lacked stability over time, the standards were not used to calculate BC 
concentrations in a sample. 
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CHAPTER IV 
BLACK CARBON CONCENTRATIONS FROM 1853-1983 FROM A TIBETAN 
PLATEAU ICE CORE 
 
Overview 
BC, produced by the incomplete combustion of biomass and fossil fuels, is 
estimated to have 55% of the atmospheric warming effect of CO2 and to be the 
second largest contributor to global warming (Ramanathan and Carmichael, 
2008).  When deposited on snow and ice BC reduces albedos, potentially 
enhancing surface melt and glacial retreat (Hansen and Nazarenko, 2004). The 
study of BCʼs past and present variability is imperative in order to better 
understand and estimate its potential impact on climate and water resources.  
This is especially important in the Himalaya/Tibetan Plateau, a region that 
provides fresh water to over a billion people and where BCʼs climatic effects are 
estimated to be the largest (Flanner et al., 2007; Ramanathan and Carmichael, 
2008; Qian et al., 2011). Due to the remoteness of the region, instrumental 
records of climate are sparse, and no instrumental records or BC records 
reconstructed from ice cores exist prior to the 1950s on the Tibetan Plateau.  
However, several works have investigated BC concentrations from 1950 to 
present (Liu et al., 2008; Ming et al., 2008; Xu et al., 2009). Ice cores recovered 
from high elevation mountain glaciers provide one of the best available methods 
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to reconstruct past climate and atmospheric chemistry over hundreds to 
thousands of years.  To more accurately constrain BCʼs past variability in this 
sensitive region, an ice core recovered in 2005 from Mt. Geladandong (5800 m 
a.s.l.) on the central Tibetan Plateau (Fig. 7) was analyzed for BC at high 
resolution using an SP2.  This temporal record of BC in Tibet will contribute to 
evaluating BCʼs role in recent climate change, and its impact on early snow melt 
and glacier retreat. 
 
 
Figure 7. Study region including in-snow BC measurements by SP2 (red), other methods (blue), 
and atmospheric BC measurements (yellow).  This is set on top of a digital elevation model 
showing topography ranging from low elevation (green) to high elevation (brown). 
 
 
Background 
Currently, the largest sources of BC are located in South and East Asia, 
accounting for 25-35% of global emissions (Bond et al., 2007; Ramanathan and 
Carmichael, 2008).  While the majority of East Asian emissions are downwind of 
the Tibetan Plateau and Himalaya, South Asian sources are upwind.  The effect 
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of these emissions is prominent: Flanner et al. (2007) estimates the largest 
climate forcing due to BC in snow occurs over the Tibetan Plateau and Himalaya, 
equal to that of greenhouse-gas-induced warming in the region.  Quantitative 
investigations of BC are integral for accurately assessing the impact of BC on 
snow and ice in the region known as “The Third Pole.”  This region is the source 
of nearly all of Asiaʼs largest rivers, which are responsible for supplying fresh 
water to over a billion people (Barnett et al., 2005; Immerzeel et al., 2010).  
However, information regarding regional historic BC concentrations is limited to a 
handful of studies (Liu et al., 2008; Ming et al., 2008, 2009; Xu et al., 2009; 
Kaspari et al., 2011).  
Two general trends have been observed in previous studies of BC 
records: 1) high BC concentrations from ~1950 to the late 1960s, and again from 
the mid-1970s to 1980s, and low concentrations from the late 1960s to mid-
1970s and from the mid-1980s to present, or 2) lower overall concentrations that 
gradually increase to present.  Locations on the northern boundary and in the 
central Tibetan Plateau (Muztagh Ata, Tanggula, Noijin Kangsang) generally 
follow the first trend, while locations on the southern boundary of the Tibetan 
Plateau, in the Himalaya (Everest, Zouqiupu), generally follow the second.  
These trends are primarily controlled by increasing and decreasing emissions in 
BC source regions (South Asia, India, Pakistan, China, Middle East – depending 
on core location), which results in mirrored BC concentrations in the snowpack. 
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Sample Methods 
In Fall 2005, three ice cores (146m, 70m, 26m in length) were recovered 
from an unnamed glacier north of Mt. Geladandong (33°12ʼN, 91°09ʼE, 5800m 
a.s.l.), located in the Tanggula Mountains of the central Tibetan Plateau.  The ice 
cores were collected using an electro-mechanical drill in collaboration with 
Chinese colleagues from the Institute of Tibetan Plateau Research.  A quarter 
section of the 146 m ice core was processed in May 2010 in Lanzhou, China at 
the Cold and Arid Regions Environmental and Engineering Research Institute, in 
preparation for BC analysis.  The core was cut into 1,978 segments 
approximately 5-6.5 cm in length using a Delta model 28-276 14” band saw 
equipped with a ½” blade.  Blades were first cleaned by cutting ice made from 
ultra-pure MilliQ water (~18.1 MΩ/cm) to reduce possible contamination.  
Samples were then placed into individual Whirl-Pak bags, sealed, and stored in a 
freezer at -18˚C.  To remove any potential exterior contamination from the drilling 
or cutting process, each segment was rinsed under MilliQ water using standard 
clean laboratory procedures until approximately 25-50% of the exterior of the 
segment was removed.  The segments were then placed into discrete 50 ml 
polypropylene vials and prepared for shipment to the United States.  All sample 
vials were washed using MilliQ water and soaked for five 12-hour soaks prior to 
use.  Method blanks were collected at every point in the process in order to 
assess and correct for potential contamination. Disposable polypropylene gloves 
were worn at all times during sampling and laboratory work to prevent 
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contamination.  Care was also taken to ensure that garments worn during 
sampling and laboratory work did not shed fibers and contaminate samples.  
Other sections of the ice core have been previously sampled and analyzed 
for soluble major ions (Na+, K+, Mg2+, Ca2+, Cl-, NO3-, and SO42-) by ion 
chromatography, for trace elements by inductively coupled plasma mass 
spectrometry, and stable isotopes by mass spectrometer at the Climate Change 
Institute, University of Maine (Grigholm et al., in prep).  The ice core was dated 
by counting the annual layer signal from isotopes, ions, and trace elements, and 
verified using known age horizons from tritium and beta activity that peak in 
1963, and several volcanic markers  (Grigholm et al., in prep) (Fig. 8).  
All BC samples were analyzed at CWU in Ellensburg, WA using an SP2 
according to the methods described in Chapter III.  Due to uncertainties in the 
analysis process, concentrations reported in this study may underestimate actual 
BC concentrations by 50% or more and will be reported as measured black 
carbon (MBC).  A thorough description of these uncertainties can be found in 
Chapter III.  To account for changes in sample resolution due to glacier thinning 
with depth in the ice core, and to facilitate long-term comparisons between BC 
records, the high-resolution BC data was re-sampled to three samples per year; 
hereafter, references to average or median concentrations refer to the re-
sampled data, and references made to specific concentrations refer to the 
original high-resolution data. 
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Figure 8.  Dating information from the Geladandong core. (From Grigholm et al., in prep). 
 
 
Results and Discussion 
Six–hundred and twenty-five samples were analyzed for BC, resulting in a 
continuous high-resolution record of BC concentrations from the central Tibetan 
Plateau from 1853-1983 (Fig. 9).  Although the core was recovered in 2005, high 
ablation rates have resulted in the loss of the most recent 22 years of the record 
(Grigholm et al., in prep).  From 1853-1983, high-resolution MBC concentrations 
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are variable, marked by an approximate 2-fold increase in maximum 
concentrations post-1930 (Table 2).  The highest concentrations are observed 
from 1975-1983, which correspond to a 1.6-fold increase over pre-industrial 
averages and a 1.9-fold increase in median values (Table 2). 
 
Table 2. MBC summary data from Geladandong core.  Average, median (in parentheses), 
maximum, and minimum MBC concentrations over the indicated time periods.  All values are 
reported in micrograms per liter (µg/L).  ʻIncrease factorʼ was calculated by dividing the latter 
value by the earlier value for both median and average. 
 
1853-
1875 
1875-
1900 
1900-
1925 
1925-
1950 
1950-
1975 
1975-
1983 
Increase 
Factor 
0.9 (0.6) 0.7 (0.5) 0.7 (0.5) 1.0 (0.6) 1.2 (0.6) 1.4 (1.0) -- 
0.9 (0.5) 1.4 (1.0) 1.6 (1.9) 
0.8 (0.5) 1.3 (0.7) 1.6 (1.4) 
M
BC
 A
vg
.  
 
(µ
g/
L)
1  
0.8 (0.5) 1.2 (0.7) 1.5 (1.4) 
Max.2 6.0 4.0 5.3 10.5 12.2 7.5 -- 
Min.2 0.03 0.01 0.02 0.02 0.03 -- -- 
1Re-sampled data  
2High-resolution data  
 
Sources of BC 
As BC is the product of incomplete combustion, it has both fossil and bio-fuel 
sources.  Fossil fuel sources include the burning of coal, diesel, and gasoline for 
manufacturing, transportation, heating and cooling, and power generation (Bond 
et al., 2004; Reddy and Venkataraman, 2002a). Bio-fuel sources include forest 
fires, crop burning, and small-scale heating and cooking (Reddy and 
Venkataraman, 2002b; Venkataraman et al., 2005). 
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Figure 9.  Geladandong records of (a) high-resolution MBC (black), iron (red; proxy for dust), and 
δ18O, (b) Iron record re-sampled to three samples per year (black) and smoothed with a 25-point 
running median (red), (c) MBC record (black) re-sampled to three samples per year and smoothed 
with a 10-point running median (red). 
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Previous investigations have determined that the majority of BC transported to 
the Tibetan Plateau occurs during the non-monsoon season of winter-spring via 
the westerlies from sources in western and central China, Pakistan, India, and 
the Middle East (Cao et al., 2011; Kopacz et al., 2011; Xu et al., 2009).  During 
the monsoon season, intense precipitation results in generally low concentrations 
of BC being transported from the south to the Himalaya and southern Tibetan 
Plateau (Kaspari et al., 2011; Xu et al., 2009); locations in the central/northern 
Tibetan Plateau receive little of this monsoonal BC, and generally remain under 
influence of the westerlies (Xu et al., 2009).  The BC trend observed in the 
Geladandong core supports the conclusions of other researchers in the region, 
who attribute the relatively high concentrations of BC observed in the 1950s and 
1960s, and low concentrations in the 1970s, to changing emissions from Eastern 
Europe (Xu et al., 2009)(Fig. 10a).  From the mid-1970s to the end of the record, 
higher BC concentrations in the Geladandong core are most likely explained by 
increasing emissions from western China, Pakistan, northern India, and the 
Middle East (Kopacz et al., 2011).  
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Figure 10. (a) BC emissions from 1860-2000, (b) BC records (1950-2000) from sites in Tibetan 
Plateau north of the Himalaya including this work (red dashed) smoothed with a 10-point running 
median for comparison (red solid), and (c) BC records (1950-2000) from sites in the southern 
Tibetan Plateau and Himalaya. All data for BC records were digitized from the original 
publications. 
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Comparison to BC Records from Asia 
Thermal-optical Records 
Several other studies have reported concentrations of BC from ~1950 to 
present in snow and ice from the Tibetan Plateau (Liu et al., 2008; Ming et al., 
2008, 2009; Xu et al., 2009).  First and foremost, there is an order of magnitude 
difference between concentrations in samples analyzed using the liquid-phase 
SP2 method and samples analyzed by other methods (Fig. 10b, c).  Chapter III of 
this work explains in more detail the potential reasons for these differences which 
are in general: 1) an overestimation of BC concentrations by thermal-optical 
methods (i.e., Liu et al., 2008; Ming et al., 2008, 2009; Xu et al., 2009) due to the 
false categorization of BC during analysis, or 2) an underestimation of BC 
concentrations due to particle losses during liquid-phase analysis using the SP2 
(Kaspari et al., 2011).  Additionally, the Geladandong core was analyzed at 
higher resolution than the other sites which causes visual differences between 
the records.  Hence, for comparison purposes, the re-sampled data was 
smoothed with a 10-point running median (red solid line) and presented 
alongside the re-sampled data (dashed red line)(Fig. 10b). 
Regardless of absolute concentrations, analyzing the trends in BC 
concentrations between locations can still make useful comparisons.  The 
annually resolved Geladandong BC record follows that of the more northern and 
central Tibetan Plateau sites, with high concentrations during the 1950s and 
1960s, low concentrations from the late 1960s and 1970s, and high 
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concentrations from the mid-1970s to the end of the record (Fig. 10b).  This is 
consistent with the location of the core—Geladandong lies within the Tanggula 
Mountains, close to the site (Fig. 7) and elevation (5800 m a.s.l.) of the Tanggula 
core by Xu et al. (2009).  Although the other records display a similar trend, none 
matches quite as well as the Tanggula core – the others display a similar trend, 
but appear to be offset a few years later (Fig. 10b). 
While there are similarities in trends between the Tibetan Plateau records, 
it must be noted that the top of the Geladandong core has been dated to ~1983 
(Grigholm et al., in prep), whereas the Tanggula core (5800 m a.s.l.) along with 
the Noinjin Kangsang (5950 m a.s.l.) and Zuoqiupu (5600 m a.s.l.) records are 
interpreted to represent BC concentrations to present.  Previous studies have 
indicated that glaciers below 6050 m a.s.l. on the Tibetan Plateau (Kerhwald et 
al., 2008), and those specifically located in the Tanggula Mountains of the central 
Tibetan Plateau (Fujita et al., 2000; Jianchen et al., 2008) have been losing mass 
annually in recent decades.  All three of these cores are located below 6050 m 
a.s.l., yet Xu et al. (2009) interpret the cores to represent data until ~2000.  If 
these sample locations experience similarly high ablation rates as the 
Geladandong site, as suggested by the literature, the cores may lack data from 
~1980-2000 due to melt, and the timing of the observed BC trends would require 
adjustment.  This may partially explain any discreppancies between the 
Geladandong trend and those diplayed in other cores from the region. 
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SP2 Liquid-phase Records 
Currently, only two other records of BC concentrations from the Himalaya 
and Tibetan Plateau have been analyzed using the SP2 for liquid-phase analysis 
(Mt. Everest by Kaspari et al., 2011; Muztagh Ata by Wang et al., in prep).  
These records display less variability and lower average concentrations than at 
Geladandong over the duration of their cores (Fig. 11; Table 3), in spite of 
evidence that sites on the margins of the Tibetan Plateau are closer to large 
emissions sources and are expected to receive greater BC deposition.  These 
differences are most likely the result of one or more of the following processes 
occurring at Geladandong: 1) higher atmospheric concentrations of BC, 2) lower 
annual precipitation, and/or 3) elevation-dependent post-depositional processes. 
 
 
 
 
Figure 11.  Comparison between MBC records from Asia.  Mt. Everest (solid) and Geladandong 
(dashed), both analyzed using the liquid-phase SP2 method.  The Muztagh Ata core has not been 
dated and therefore cannot be included here.  
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Table 3.  Average and median MBC concentrations at three locations in the Tibetan Plateau and 
Himalaya using the liquid-phase SP2 method.  Everest data from Kaspari et al. (2008, 2011); and 
Muztagh Ata data from Wang et al. (in prep). 
 
Site Everest Muztagh Ata Geladandong 
Duration 1860-2000 AD 
0-70 m depth 
(not dated) 1853-1983 AD 
MBC Avg. ± 1σ (µg/L) 0.31±1.1 0.75±1.0 0.94±1.3 
MBC Med. (µg/L) 0.16 0.49 0.58 
Annual Precip.  
(cm w.e.) 50 45 30 
MBC per unit precip.       
(µg L-1/cm w.e.) 0.01 0.02 0.03 
 
Atmospheric BC.  Higher atmospheric concentrations of BC either due to 
proximity to BC sources or atmospheric circulation patterns could potentially 
result in the higher observed BC concentrations at Geladandong.  Atmospheric 
transport modeling suggests that regions on the boundaries of the Tibetan 
Plateau should receive more BC deposition due to their proximity to major 
transport pathways and large regional BC sources (Cao et al., 2011; Kopacz et 
al., 2011; Qian et al., 2011).  This is supported by atmospheric measurements 
which recorded lower concentrations of BC in urban central China (Cao et al., 
2009) and the southeastern Tibetan Plateau (Ming et al., 2010) than at the Nepal 
Climate Observatory at Pyramid (Bonasoni et al., 2010)(locations in Fig. 7).  
There has been no atmospheric monitoring of BC in the Geladandong region 
(hence climate reconstruction from ice cores), but we assume that the findings of 
the models and measurements can be applied to this region.  However, field 
measurements of BC in snow (Ming et al., 2009; Xu et al., 2009; this study) have 
found higher concentrations in the central Tibetan Plateau than at the 
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boundaries.  This study agrees with these findings, which suggests that either the 
models and measurements do not apply to the Geladandong region, or more 
likely, that at this location other processes are more important in ultimately 
determining BC concentrations in snow. 
 
Annual Precipitation.  Lower accumulated precipitation at Geladandong 
could also cause the higher BC concentrations observed here compared to 
Everest and Muztagh Ata.  Geladandong accumuates an average of ~30 cm 
water equivalent (cm w.e.) precipitation annually (Grigholm, personal 
communication, 2011), compared to ~50 cm w.e. at Mt. Everest (Kaspari et al., 
2008) and ~45 cm w.e. at Muztagh Ata (Wang, personal communication, 2011) 
(Table 3).  To investigate the relative impact that differences in precipitation may 
have, the average MBC per unit of accumulation was calculated by dividing the 
average MBC by the amount of annual precipitation for each site.  If the MBC per 
cm w.e. are equal, we know that higher MBC concentrations at Geladandong 
were due to lower annual precipitation.  Results indicate that for every unit of 
precipitation, Geladandong receives more BC, which means that lower annual 
precipitation at the Geladandong location is not the dominating factor causing 
higher observed BC concentrations, although it may contribute. 
 
Elevation-dependent Post-depositional Processes.  Previous studies have 
observed increasing BC concentrations with decreasing elevation (Kaspari et al., 
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in prep; Ming et al., 2009).  Here a similar trend is observed when the 
Geladandong (5800 m a.s.l.) record is compared to records from Everest (6500 
m a.s.l.) and Muztagh Ata (6350 m a.s.l.).  This is either due to higher 
atmospheric concentrations of BC at lower elevations, or processes occurring 
post-deposition that are absent from (or occurring to a lesser degree at) higher 
elevations.  Measurements of BC in falling snow near the low elevation sample 
locations of Kaspari et al. (in prep) was relatively low suggesting that, in that 
region, atmospheric concentrations of BC were not elevation-dependent, and that 
processes occurring post-deposition are likely responsible for higher observed 
BC concentrations.   
It has been suggested that glaciers below ~6050 m a.s.l. in the Himalaya 
and Tibetan Plateau (Kerhwald et al., 2008), as well as those specifically in the 
Tanggula mountains (Fujita et al., 2000; Jianchen et al., 2008), are experiencing 
significant melt.  That the top of the Geladandong core has been dated to 1983 
confirms that annual mass loss has been occurring at this location.  In the 
atmosphere BC particles exhibit both hydrophilic and hydrophobic behavior, 
depending on their age and coatings (Schwarz et al., 2008); once deposited in 
snow, impurities (i.e. dust, BC) have been observed to remain in the upper 
portion of the snowpack during conditions of melting (Conway et al., 1996; Sterle 
et al., in prep) or sublimation (Huang et al., 2011) suggesting that BC in the 
snowpack may primarily display hydrophobic characteristics.  Therefore, annual 
mass loss occurring at lower elevation sites in the Tibetan Plateau may 
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concentrate impurities near the ablation surface, and, depending on the degree 
of melting, potentially cause several years of accumulated BC to coalesce into a 
single horizon.  As BC in this part of the record no longer represents annual BC 
accumulation but that of several years, we would expect both an increase in peak 
concentrations and an increase in the occurrence of peak concentrations as the 
BC record becomes effectively compressed.  In the Geladandong record we see 
a 2-fold increase in peak concentrations post-1930, and when compared to the 
records of Everest and Muztagh Ata, we see a higher occurrence of BC peaks 
(Fig. 11).  The mechanical trapping of impurities during melt at Gela is further 
supported by the strong visual correlation between BC and Fe (commonly used 
as a proxy for dust; Kaspari et al., 2009) and the poor visual correlation with 
δ18O, which suggests that this correlation is not the result of their shared 
seasonality (Fig. 9a). 
Therefore, we suspect that elevation-dependent post-depositional 
processes are the dominating factor causing the higher variability and observed 
BC concentrations at Geladandong.  This is consistent with the work of other 
researchers (Kaspari et al., in prep; Ming et al., 2009) who also suggest that 
melting occurring at lower elevations is a primary reason for differences in BC 
concentrations. This implies that BC records obtained from sites at elevations 
experiencing annual mass loss may not accurately represent atmospheric 
concentrations of BC at the time of deposition.  Instead, only records from sites 
experiencing zero or minimal surface melt and/or annual mass loss (e.g., Mt. 
	   46 
Everest, 6500 m a.s.l.; Muztagh Ata, 6350 m a.s.l.) may be suitable for 
determining past variations of atmospheric BC. 
  
Implications for Water Resources 
Although ice cores collected from sites experiencing annual mass loss (< 
6050 m a.s.l.) may not accurately record atmospheric concentrations of BC, they 
are useful for assessing BCʼs impact at the surface of a glacier.  It is well 
understood that the deposition of BC on snow and ice reduces albedos and 
enhances melting, potentially affecting the timing and availability of water 
resources (Clarke and Noone, 1985; Flanner et al., 2007; Hansen and 
Nazarenko, 2004; Jacobson, 2004; Qian et al., 2011; Yasunari et al., 2010).  
Qian et al. (2011) estimate that BC-in-snow on the Tibetan Plateau has a larger 
effect on decreasing snow cover fraction and snow water equivalent and 
increasing surface temperatures than CO2, resulting in shifts of the timing of peak 
runoff from spring to late winter.  However, recent work has estimated that the 
Yangtze River (of which Geladandong is at the headwaters) is only moderately 
susceptible to changes in meltwater due to the large downstream area and small 
upstream glaciers (Immerzeel et al., 2010).  Regardless, assessment of the 
potential impacts of BC at Geladandong is important for improving these 
estimates and better understanding the relationship between BC-induced albedo 
reduction and water resources.  
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Reductions of Albedo 
Calculating BC-induced reductions of albedo can be quite complicated; the 
actual amount of albedo reduction depends on snow grain size (closely related to 
age) and the presence of other impurities (i.e., brown carbon, dust, biologic 
material), but other factors such as snow cover (i.e., forest, meadow), snow 
depth, and incident sunlight angle also influence snowpack albedo (Flanner et al., 
2007; Hadley et al., 2010; Warren and Wiscombe, 1980a). Previous works have 
shown that albedo reductions of ~1% can be caused by BC in concentrations 
ranging from 10 to 50 µg/L (Flanner et al., 2007; Hadley et al., 2010; Ming et al., 
2009; Warren and Wiscombe, 1980; Yasunari et al., 2010).  Yasunari et al. 
(2010) estimated BC-induced reductions in albedo based on modeled BC 
concentrations for the Nepal Climate Observatory at Pyramid.  They estimated 
reductions in albedo of 2.0-5.2%, depending on assumptions made for the 
deposition of BC and snow density variations.  Here we use the linear regression 
equations presented by Yasunari et al. (2010), as well as Ming et al. (2009), to 
estimate BC-induced reductions in albedo based on peak (MBC = 12.2 µg/L) and 
average (MBC = 0.9 ug/L) concentrations of BC under a variety of mixing states 
and snow conditions.  Estimates of BC-induced albedo reduction range from 
0.13-4.2%, with maximum reductions in albedo occurring under peak BC 
concentrations (12.2 µg/L) and assumptions of internally-mixed BC and old snow 
conditions (Table 4).  Researchers have indicated that the mixing state of BC is 
usually intermediate between external and internal mixtures (Warren and 
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Wiscombe, 1985), and that snow age highly depends on temperature and 
precipitation conditions at the surface.  Therefore, the most realistic reductions in 
albedo probably lie between the values predicted for external and internal mixing 
states, and are closer to “new” snow values after recent snow deposition, and 
“old” snow values in between snowfall events, and during conditions of melting.  
Although reductions in albedo (with exception to peak BC concentrations) are 
quite low, these equations likely underestimate BC-induced reductions in albedo 
for two reasons: 1) particle losses during sample storage and analysis may result 
in MBC concentrations that are ~50% or less of their actual values, and 2) 
conditions of melt and sublimation increase snow grain size, further reducing 
snowpack albedo (Wiscombe and Warren, 1980), meaning that BC-induced 
melting may result in a positive feedback cycle with changes in the snow grain 
size. 
Table 4.  Estimated reductions in albedo for peak (12.2 µg/L) and average (0.9 µg/L) MBC 
concentrations at Geladandong based on the regression equations of Yasunari et al. (2010) and 
Ming et al. (2009). 
Source 
Age 
of 
Snow 
Mixing 
State Regression Equation 
Reduced 
Albedo 
% (peak) 
Reduced 
Albedo 
% (avg.) 
New 
y=−8.08653E-05*2+4.79226E-
02(MBC)+2.97897E-01 0.3 0.3 
Old 
External 
y=1.51204E-01(MBC)+6.85961E-01 2.5 0.8 
New 
y=−1.20051E-04*2+6.94225E-
02(MBC)+6.59244E-01 1.5 0.7 
Yasunari 
et al. 
(2010) 
Old 
Internal 
y=2.20386E-01(MBC)+1.51181 4.2 1.7 
Ming et al. (2009) y=0.0757*MBC + 0.0575 1.0 0.1 
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Timing of Peak Albedo Reductions 
Previous works (Kaspari et al., 2011) have used BCʼs strong correlation to 
dust source elements (Fe) and stable isotopes (δD) to document the seasonality 
of BC.  Previously, we suggested that based on the poor visual correlation with 
δ18O the seasonality of BC may not be preserved due to high ablation rates.  
However, BC does peak coincidentally with dust concentrations (Fig. 9a), 
potentially due to the mechanical trapping of impurities in the snowpack during 
conditions of melting or sublimation (Conway et al., 1996; Huang et al., 2011; 
Sterle et al., in prep). Therefore, it may be assumed that peak BC/dust 
concentrations represent the ablation surface during periods of maximum melting 
when northern hemisphere solar insolation is the most intense, snow-albedo 
feedback is the strongest, and the consequences of reduced snow-cover duration 
and enhanced glacial melt have the largest impact on water resources (Barnett et 
al., 2005; Flanner et al., 2009; Qian et al., 2011).  Estimated BC-induced 
reductions in albedo at Geladandong are generally low (although likely 
underestimated); however, similarly low albedo reductions (2.0-5.2%) have been 
estimated to increase glacial runoff by 11.6-33.9% (Yasunari et al., 2010).  	  
	  
 BC and Dust 
Although BC has been estimated to have ~50 times the absorptive 
capacity as dust (Warren, 1984), an analysis of dust concentrations at the 
Geladandong site is necessary due to the large impact of dust at Asian sample 
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locations (Kaspari et al., 2011), and its well-understood role as an important 
absorbing constituent in the snowpack (Conway et al., 1996; Painter et al., 2007; 
Warren and Wiscombe, 1980).  Due to the work of Grigholm et al. (in prep), a 
historical record of Fe concentrations (commonly used as a proxy for dust; 
Kaspari et al., 2009) is available for the duration of the BC record in the 
Geladandong core (Fig. 9b).  From 1853 to 1983 BC and Fe display a close 
relationship, with peak concentrations commonly coinciding (Fig. 9a).  This is 
probably due to a variety of factors including the seasonality of BC and dust 
which both display higher atmospheric concentrations during the winter/spring 
(Kaspari et al., 2011; Qian et al., 2011; Xu et al., 2009), the mixing of aerosols 
and dust during long-distance transport (Kaspari, personal communication, 
2011), and the mechanical trapping of impurities at the ablation surface during 
conditions of melting and sublimation (Conway et al., 1996; Huang et al., 2011; 
Sterle et al., in prep; Ch. 4 of this work).  Although BC and Fe concentrations 
peak coincidentally, the Fe record does not display the marked increase in 
maximum concentrations post-1930 as the BC record (Fig. 9b).  Additionally, 
average concentrations of Fe decrease between the time periods of 1853 to 1930 
and 1930 to present, whereas the BC record remains relatively stable, 
suggesting that if absorbing impurities have influenced recent glacial melt, it may 
be due to the presence of BC rather than dust. 
 This conclusion is in agreement with the findings of Kaspari et al. (2011), 
who documented stable dust concentrations from ~1860-2000 in lieu of 
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increasing BC concentrations in a Mt. Everest ice core.  However, results of a 
detailed investigation of the radiative forcings caused by BC and dust 
concentrations revealed that in fact, dust in the core may absorb some of the 
energy otherwise absorbed by BC (Kaspari et al., 2011).  Fe in the Geladandong 
core (max. = 7300 ppb) exist in much higher concentrations than in the Mt. 
Everest record (max. = 3388 ppb) suggesting that dust at Geladandong may play 
a larger role in albedo reductions than at Mt. Everest by both higher overall 
concentrations and a greater absorption of energy that would otherwise be 
absorbed by BC. Further research is needed to assess the optical properties of 
dust in this region, and the potential albedo reductions due to the presence of 
various types of absorbing impurities. 
 
The Role of BC in Glacial Retreat 
It is broadly suggested that the majority of glaciers in the Himalaya and 
Tibetan Plateau have been retreating in recent decades (Barnett et al., 2005; 
Fujita et al., 2000; Jianchen et al., 2008; Liu and Chen, 2000; Yao et al., 2004).  
Several researchers have suggested that the presence of BC may be partially 
responsible for this glacial retreat, owing primarily to its reduction of snow and ice 
albedos and its general increase in recent decades (Hansen and Nazarenko, 
2004; Kaspari et al., 2011; Xu et al., 2009).  Xu et al. (2009) note that fluctuations 
in glacial advance and retreat over the past 50 years on the Tibetan Plateau 
(from Yao et al., 2004) closely matched the fluctuations in BC over the same time 
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period: glaciers in general retreated during the 1950s and 1960s (a period of high 
BC), advanced in the late 1960s to 1970s (a period of low BC),  again retreated 
in the 1980s (high BC), and retreated most intensively from the 1990s to present 
(highest BC).   
However, glacial mass-balance is not only affected by the presence of 
absorbing impurities, but also strongly by changes in precipitation and 
temperature (Barnett et al., 2005; Prasard et al., 2009).  Of the two, changes in 
temperature are largely believed to be the dominant factor controlling glacial 
mass balance and seasonal snow cover (Barnett et al., 2005; Mote et al., 2005), 
and have been closely documented in recent decades, especially in the Tibetan 
Plateau (i.e., Liu and Chen, 2000; Shrestha et al., 1999; and references therein).  
In recent decades temperatures here have been increasing at twice the global 
mean (~0.3°C per decade on the Tibetan Plateau; Liu and Chen, 2000).  In fact, 
the study that Xu et al. (2009) reference for changes in glacial mass balance 
attribute the changes to temperature variations (Yao et al., 2004).  Whereas 
temperatures on the Tibetan Plateau have rapidly increased in recent decades, 
concentrations of absorbing impurities (i.e., BC and dust) at Geladandong have 
remained relatively stagnant (or, in the case of dust, actually decreased).  
However, the Geladandong core lacks the time period where recent increases in 
BC have been observed at other locations.  Although increases in temperature 
over the past several decades are undoubtedly related to the observed glacial 
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retreat, the lack of the most recent years of BC deposition prevent us from 
determining which is the dominating factor. 
 
Conclusions 
MBC concentrations from 1853 to 1983 at Geladandong display a 2-fold 
increase in maximum concentrations from pre-1930 to post-1930, and a 1.6-fold 
increase in average concentrations from pre-industrial to present.  BC in the 
Geladandong core displays a similar trend as other records from the central and 
northern Tibetan Plateau, and likely has source regions in Eastern Europe, 
Pakistan, Indian, western China, and the Middle East.  Estimates of BC-induced 
reductions in albedo range from 0.3-4.2%, with maximum reductions occurring 
under peak (12.2 µg/L) BC concentrations and internally-mixed, old snow 
conditions.  Reductions in albedo for average MBC are generally low (although 
likely underestimated), but may still be important due to peak reductions probably 
occurring during times of maximum melting and insolation (potentially summer) 
and the possibility of initiating positive feedback cycles related to melting and 
snow grain size.  Peak BC concentrations often occur simultaneously with peak 
dust concentrations probably due to similar seasonality and the mechanical 
trapping of impurities at the ablation surface.  However, high dust loading (peak 
concentrations are ~2-fold those observed at Mt. Everest) likely results in 
overestimates of BC-induced albedo reductions as the dust absorbs some of the 
radiation that would otherwise be absorbed by BC (Kaspari et al., 2011).  
	   54 
Annual mass loss at the core location has resulted in the loss of the most 
recent 22 years of the ice core record (Grigholm et al., in prep), in which 
increases in BC emissions from 1983 to 2005 (as recorded elsewhere) may have 
been preserved.  This melting is likely elevation dependent, as researchers have 
found annual mass loss to be occurring in many glaciers below 6050 m a.s.l. on 
the Tibetan Plateau (Kerhwald et al., 2008).   Along with differences in annual 
precipitation, melting at the core site may also explain the higher observed BC 
concentrations than at other locations (Everest, Muztagh Ata) analyzed by the 
same method, in spite of atmospheric evidence that these locations receive more 
BC.  This suggests that ice cores from sites experiencing annual mass loss may 
not accurately represent atmospheric BC concentrations at the time of 
deposition.  
Concentrations of absorbing impurities at the Geladandong location have 
likely contributed to the observed glacial retreat in the region (i.e., Fujita et al., 
2000; Jianchen et al., 2008), but increases in temperature over the last several 
decades cannot be overlooked as a large contributing factor.  Enhanced glacial 
melting in the Himalaya and Tibetan Plateau has dramatic consequences for the 
~1 billion people relying on water resources from this region (Barnett et al., 2005; 
Immerzeel et al., 2010).  Some estimates indicate that rivers with their 
headwaters in the Geladandong region (the Yangtze) may only be moderately 
affected by changes in melt (Immerzeel et al., 2010).  Regardless, accurate 
records of atmospheric temperature, snow accumulation, glacial mass balance, 
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and atmospheric BC in the region are required in order to better understand the 
relationships between factors contributing to glacial retreat.  More ice core 
records from sites not experiencing annual melt will help further our 
understanding of how much BC is reaching the high elevations of the Himalaya 
and Tibetan Plateau.  However, there are few suitable sites fitting this 
description, and it may not always be possible to understand the degree of 
melting at a site prior to ice core extraction and dating.  Therefore, it is important 
to realize the utility of ice cores from low elevations experiencing melt as 
indicators of processes occurring at the ablation surface.  Additionally, 
uncertainties in the SP2 liquid-phase analysis process have likely resulted in the 
underestimation of BC concentrations by 50% or more, making accurate 
predictions of the impact of BC difficult.  Further defining and quantifying method 
uncertainties will facilitate inter-method comparisons, and allow for more accurate 
modeling of BCʼs impact in the Himalaya and Tibetan Plateau. 
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CHAPTER V 
DEPOSITION AND MIGRATION OF BLACK CARBON IN A PACIFIC 
NORTHWEST SNOWPACK OVER TWO WINTERS 
 
Overview 
In the Western US, snowmelt from mountains comprises the majority of 
regional water supplies and also drives downstream processes such as 
groundwater recharge and ecological interactions (Bales et al., 2006); globally, 
over 1/6th of the worldʼs population relies on water from glaciers or seasonal 
snowpacks (Barnett et al., 2005). Water derived from snowmelt refills reservoirs 
and supplies crucial summer flows to streams used for irrigation, recreation, 
drinking water, hydropower, and fisheries (Painter et al., 2007).  Impurities in the 
snowpack (e.g., dust and soot) can decrease snow albedo and enhance melting, 
dramatically altering the timing and availability of this crucial resource (Hansen 
and Nazarenko, 2004).  In the San Juan Mountains of Colorado, researchers 
(Painter et al., 2007) have estimated a decrease in snow-cover duration by up to 
35 days due to the presence of absorbing impurities in the snowpack.  Little work 
has been done to quantify the extent that Pacific Northwest snow is affected by 
absorbing impurities, specifically BC.  In order to further delineate the impact of 
BC on Pacific Northwest snow and to better understand the post-depositional 
behavior of BC, snowpack, precipitation, and meltwater samples were collected
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at approximate weekly intervals over two winters (2009-2010 and 2010-2011) in 
the Cascade Mountains of Washington State (Fig. 12).  All samples were 
analyzed using an SP2 for liquid-phase analysis and potential BC-induced 
reductions in albedo were estimated. 
Figure 12. Regional BC-in-snow sample locations and sites of atmospheric (IMPROVE; 
http://vista.cira.colostate.edu/improve/) measurements. 
 
Site Description and Sample Methods 
All snowpack, precipitation, and meltwater samples were recovered from 
Tronsen Meadow (47°19ʼN, 120°33ʼW, 1300m asl) near the crest of Blewett 
Pass, 50 km north of Ellensburg, WA, in central Washington State (Fig. 12).  This 
location was chosen based on proximity to the host institution, relatively high 
elevation, low avalanche danger, ease of access, and a dry, low accumulation 
snowpack.  To ensure the site remained undisturbed, a 5 m by 5 m site was 
sectioned off using thin fencing designed not to impede snow deposition (Fig. 
13).  In order to track BC migration in the snowpack, samples were obtained from  
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Figure 13.  Sample site in Tronsen Meadow at Blewett Pass during early season conditions 
(11/15/10). 
 
snow pits approximately once a week at ~5 cm vertical resolution and stored in 
50 ml polypropylene sample vials.  Disposable polypropylene gloves were worn 
at all times during sampling and laboratory work to prevent contamination.  Care 
was also taken to ensure that garments worn during sampling and laboratory 
work did not shed fibers and contaminate samples.  Prior to field sampling 
activities, all sample containers and tools were washed using ultra-pure MilliQ 
water (~18.1 MΩ/cm) and soaked for five 12-hour soaks.  Sampling equipment 
was then set out to dry in a clean hood for at least 24 hours prior to sampling.  
Snow-pits were constructed using a standard avalanche snow shovel and dug 
from snow surface to ground level.  Total snow depth was then measured using a 
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collapsible metric ruler, taking note of snow stratigraphy (including freeze-thaw 
layers) in the snowpack.  The snow surface was then scraped using a pre-
cleaned segment of polypropylene plastic to guarantee a clean surface.  Samples 
were obtained by horizontally inserting the pre-cleaned 50 ml samples vials into 
the snow over 5 vertical cm until the tube was filled.  Maximum sample volume 
was obtained by tapping the tubes to ensure settling and compaction.  In some 
instances debris at the bottom of the snowpack prevented the collection of the 
bottom-most sample, and therefore the last collected sample was assumed to 
represent the remaining snow.  Surface samples were occasionally obtained 
throughout the sample area to determine small-scale spatial variability and 
potential impact due to the proximity of the sample location to a state highway.  
Precipitation samples were obtained using 15L capacity polyethylene containers 
set in the middle of the protected sample area and collected once a week during 
sample events.  The lysimeter was constructed from a 45L polyethylene 
collection container set on the ground beneath the snowpack, and attached to a 
8L polyethylene Nalgene narrow mouth container by ~2 m length by 1 cm 
diameter insulated polypropylene tubing.  Once melting began (~March-April) 
meltwater samples were obtained at weekly intervals in conjunction with other 
sample events.  Samples were obtained from both collectors by capping them in 
the field, melting them at room temperature in a class-1000 clean laboratory, and 
then agitating the liquid and pouring off into the 50 ml sample vials. All samples 
were stored in liquid phase in the clean laboratory at room temperature.  
	   60	  
After sampling, SNOpack TELemetry (SNOTEL) data for precipitation, 
temperature, and snow water equivalent was obtained from the Natural 
Resources Conservation Service website (http://www.wcc.nrcs.usda.gov/ 
snotel/snotel.pl?sitenum=352&state=wa) to supplement the field notes; values 
were obtained for the corresponding hour that samples were collected.  The 
closest SNOTEL station is located approximately 7 km west and at the same 
elevation as the sample site, although the highly spatial nature of weather 
probably resulted in different conditions at the SNOTEL location and the sample 
site.  Data retrieved from SNOTEL locations will be cited as (SNOTEL), whereas 
data from personal measurements will be cited as (measured) where appropriate. 
All samples were analyzed at CWU in Ellensburg, WA using an SP2 
according to the methods listed previously in Chapter III.  Due to uncertainties in 
the analysis process, concentrations reported in this study represent the lower-
limit values and will be reported as measured black carbon (MBC).  A description 
of these uncertainties can be found in Chapter III as well.   
Previous research has determined that absorbing impurities only in the 
upper-most 10-50 cm (depending on grain size) affect snowpack albedo (Warren 
and Wiscombe, 1980).  Therefore, when reference is made to “peak” BC 
concentrations, this is the maximum recorded value within the upper-most ~50 
cm (or entire snowpack depth if less than 50 cm) for each sampling event.  
Average and median MBC values were calculated using the concentration of 
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samples from the entire depth of the snowpit, and combined with other individual 
snowpit averages to obtain annual averages and medians.   
 
Results and Discussion 
Approximately 350 samples were collected at the Blewett Pass location 
over 31 weekly sample events during the 2009-2010 (hereafter “2010”) and 
2010-2011 (hereafter “2011”) winters (Figs. 14, 15).  SNOTEL measurements 
located near the sample location indicate that the site received ~55% more 
precipitation from Nov. 1-May 15 of 2011 than 2010, resulting in a ~29% increase 
in snow water equivalent (SWE; the measure of available water within the 
snowpack)(Fig. 16; Table 5).  Average daily temperatures were ~1˚C colder in 
2011.  
 
Table 5.  Summary data (Nov. 1 – May 15) for the 2009-2010 and 2010-2011 seasons. 
Season 
Samples 
collected 
Accum. 
Precip 
(cm)2 
Max. 
Depth 
(cm)1 
Max. SWE 
(cm w.e.)1 
Avg. 
Temp. 
(˚C)1 
MBC 
Avg. 
(µg/L) 
MBC 
Max. 
(µg/L) 
2009-2010 210 54 89 30.2 0.8 1.5 18.1 
2010-2011 133 84 75 39.1 -0.2 0.3 3.1 
1Measured         
2SNOTEL        
 
Concentrations of BC in the snowpack at Blewett Pass displayed little variability 
over the majority of the winter season, with peak concentrations of BC in the 
snowpack observed in the spring of both years (18.1 µg/L and 3.1 µg/L,  
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Figure 14.  MBC profiles in snowpits for all 2009-2010 sample events.  Top arrows indicate MBC 
concentration measured in precipitation, bottom arrows indicate MBC in meltwater. 
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Figure 15. MBC profiles in snowpits for all 2010-2011 sample events.  Top arrows indicate MBC 
concentration measured in precipitation, bottom arrows indicate MBC in meltwater. 
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respectively)(Fig. 17a).  Notably, there were less sample events during 2011 than 
2010, and differences in observed concentrations may be a result of the 
difference in sampling resolution, especially during spring when BC 
concentrations are high.  Maximum concentrations during the 2010 winter were 
frequently higher than those observed in 2011, although average and median 
concentrations were similar.  MBC concentrations in surface snow (top 5 cm) 
displayed maximum concentrations during spring, and often higher in 2010 than 
in 2011 (Fig. 17c).  Concentrations of BC in precipitation mirrored that of BC in 
the snowpack, displaying little variability during the majority of the season until 
increasing in the spring, and exhibiting higher peak BC concentrations in the 
2010 winter than 2011 (Fig. 17b, Table 6).  Meltwater was collected by lysimeters 
installed before spring melting began.  However, in a temperate snowpack melt 
events are common throughout the winter (e.g., the dramatic decrease in SWE 
during the 2011 season evident in Fig. 16d).  Therefore, we acknowledge that we 
may have not fully captured all melt events, but we expect that our results are not 
substantially impacted by this. 
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Figure 16.  Climate data for 2009-2010 (solid) and 2010-2011 (dashed). (a) average temperature, 
(b) maximum BC in the snowpack, (c) accumulated precipitation, and (d) snow-water equivalent.  
Data for a, c, and d were acquired from the Blewett Pass SNOTEL station 
(http://www.wcc.nrcs.usda.gov/snotel/snotel.pl?sitenum=352&state=wa). 
 
 
 
Table 6.  Summary of MBC concentrations at Blewett Pass for (1) 2009-2010 and (2) 2010-2011. 
 Year 
Snowpack 
(µg/L) 
Precip. 
(µg/L) 
Meltwater 
(µg/L) 
2010 1.5 1.4 1.6 MBC 
Avg.  2011 0.3 0.6 0.5 
2010 0.5 0.5 0.4 MBC 
Med.  2011 0.1 0.5 0.5 
2010 18.1 7.6 5.4 MBC 
Max.  2011 3.1 1.6 0.8 
2010 0.02 0.00 0.21 MBC 
Min. 2011 0.01 0.01 0.18 
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Figure 17.  (a) Maximum MBC observed in snowpits from each sampling event and snowpack-
averaged MBC for 2010 (black) and 2011 (red), (b) MBC concentrations in precipitation and 
meltwater for 2010 (black) and 2011 (red), and (c) MBC concentration in surface snow (0-5 cm) for 
2010 (solid) and 2011 (dashed). 
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In order to investigate small-scale spatial variability in the snowpack, 
samples were obtained in two parallel pits approximately 20 cm and 20 m apart.  
Samples obtained from the same pit (Fig. 18a) agree quite well, suggesting that 
little variation exists within a single snowpit.  We are still in the process of 
quantifying our experimental errors, but these values likely agree within error.  
However, samples obtained from ~20 m away display minor variations; 
concentrations are similar (likely within error), but the BC structure is different, 
with higher concentrations in the top and base of the snowpack (Fig. 18b).  This 
suggests that some BC variability may exist on slightly larger scales (10s of 
meters), whereas on smaller scales (<1 m) minimal variability exists.  The larger 
scale variability is likely related to differences in snow accumulation and melting, 
resulting in a different BC structure.  In future sampling events, a minimum of 
three snowpits will be sampled periodically throughout the season in order to 
quantify potential spatial variability.  However, the concentrations are roughly 
similar, and we therefore assume that the data presented here is still a valid 
representation of the meadow as a whole.  Additionally, surface snow samples 
were collected along a transect from the sample site to the highway (US-97) in 
order to determine if a BC concentration gradient existed with proximity to road 
emissions.  MBC concentrations along the transect were highly variable, and did 
not display a decreasing trend with increasing distance from the highway (Fig. 
18c).  This suggests that MBC concentrations in our pit were representative of the 
meadow area, and not largely impacted by proximity to the road.  
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Figure 18.  MBC concentrations from two snowpit profiles (a) ~20 cm apart in the same snowpit, 
and (b) ~20 m apart in different snowpits. (c) MBC concentrations compared to relative distance 
from the highway. 
 
Sources of BC 
BC is the product of incomplete combustion, and therefore it has both 
fossil and bio-fuel sources.  Fossil fuel sources include the burning of coal, 
diesel, and gasoline for manufacturing, transportation, heating and cooling, and 
power generation (Bond et al., 2004; Ramanathan and Carmichael, 2008; Reddy 
and Venkataraman, 2002a).  Bio-fuel sources include forest fires, crop burning, 
and small-scale heating and cooking (Bond et al., 2004; Ramanathan and 
Carmichael, 2008; Reddy and Venkataraman, 2002b).  In North America, the 
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majority of BC is emitted by the transportation sector, comprising ~75% of annual 
emissions (Bond et al., 2004).  After transportation, residential bio-fuel 
combustion (primarily wood burning stoves for heating and cooking) is the largest 
emissions sector, representing ~10% of annual emissions (Bond et al., 2004).   
No detailed BC emissions inventory exists for the Pacific Northwest, but 
Gurney et al. (2009) compiled a high-resolution fossil fuel CO2 emissions 
inventory.  Here we use this inventory as a proxy for BC emissions because both 
CO2 and BC are co-emitted during combustion.  Like North American emissions 
as a whole, Pacific Northwest fossil fuel emissions are dominated by the 
transportation sector, with the highest emissions in the large urban areas (i.e., 
Seattle-Tacoma, Portland) and along the regions major highways (Fig. 19). 
Forest fires contribute prominently to BC emissions in many regions and likely 
the Pacific Northwest, but these generally occur in summer and are unlikely to 
impact the seasonal snowpack.  At Blewett Pass, potential local BC sources 
include a nearby North-South highway (US-97), snowmobiles in the popular 
outdoor recreational vehicle use areas surrounding the sample location, and 
wood burning stoves for heating and cooking.   
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Figure 19.  Relative emissions of fossil fuel CO2 from Gurney et al. (2009) used as a proxy for 
BC. 
 
BC deposited at Blewett Pass is probably from a combination of long-
distance transport (~weeks), regional transport (~days), and local transport 
(~minutes-hours).  In order to investigate potential sources of BC on these 
timescales, 5-day back-trajectories starting every 6 hours and were calculated for 
particles arriving 1500 m above the sample location from Nov. 1, 2009 to May 15, 
2010 (approximate snow accumulation season) using HYSPLIT (HYbrid Single 
Particle Langrangian Integrated Trajectory model; Draxler and Rolph, 2011).   
Mean trajectories were calculated by performing cluster analysis of the results in 
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10-day, 72-hour, and 24-hour clusters.  Although all trajectories were run for ten 
days, only data over the duration of the cluster is considered by the model, 
meaning that a 5-day trajectory clustered every 24 hours is the same as a 24-
hour trajectory.  Therefore, by using 5-day, 72-hour, and 24-hour clusters both 
long and short distance transport of BC were addressed.  2011 reanalysis data 
was not available for use with the stand-alone HYSPLIT model, but the web-
based interface suggests that trajectories are comparable between years.  We 
perform these analyses understanding that HYSPLIT back-trajectories only 
calculate air mass trajectories, not BC emissions or transportation.  Thus, these 
trajectories do not necessarily represent all BC that is deposited at Blewett Pass, 
only dominant circulation patterns.  The actual amount of BC deposited at the site 
depends highly on atmospheric concentrations of BC, the scavenging efficiency, 
and precipitation (S. Kaspari, personal communication, 2011). 
Results indicate that transport is primarily from the west, south, and north 
(Fig. 20).  Air masses reaching the site originate from as far away as Eastern 
Russia, and the north Pacific, which agrees with the work of other researchers, 
who have indicated that aerosols transported from Asia can make up a significant 
portion of those in the atmosphere above the Western US (Hadley et al., 2007; 
Hadley et al., 2010; VanCuren, 2003).  However, these studies were completed 
in California; research in the Pacific Northwest indicates that Asian aerosols 
might have a small impact here (A. Johansen, personal communication, 2011).  
By analyzing trace elements in samples, future researchers could further 
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delineate whether or not Asian aerosols have an impact at Blewett Pass.  On 
shorter time scales, air masses originate in northeastern Washington and 
Canada, western Washington, and northern California.  Local sources (i.e., 
cabins, highway, snowmobiles) undoubtedly produce BC that is deposited in the 
Blewett Pass snowpack, but are likely smaller in comparison to regional 
emissions from large urban areas (Kaspari, personal communication, 2011) and 
trans-Pacific emissions from Asia (Hadley et al., 2007; VanCuren et al., 2003), 
and thus the following interpretation will focus on the more dominant emissions 
sources. 
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Figure 20. HYSPLIT mean back-trajectories ending at the sampling site (47°19ʼN, 120°33ʼW) 
clustered at 10-day, 72-hour, and 24-hour increments over the duration of the snow accumulation 
season (Nov. 1, 2009 – May 15, 2010). 
 
	   74	  
Seasonal and Annual Variability 
Two features dominate the trends in MBC concentrations from Blewett Pass: peak 
concentrations from snowpit, precipitation, and surface snow all occurred in the 
spring of both years, and maximum MBC concentrations in precipitation and 
snowpits were higher in 2010 than 2011.  Previous BC studies have also 
demonstrated seasonal and annual variations in BC concentrations, and they are 
generally attributed to processes related to BC deposition from variations in 
emissions and transport, and/or processes occurring post-deposition (Kaspari et 
al., 2011; Kaspari et al., in prep; McConnell et al., 2007; Ming et al., 2008, 2009; 
Xu et al., 2009).  Depositional processes that could result in variations of BC 
concentrations include seasonal and annual changes in regional emissions, 
and/or accumulated precipitation.  Post-deposition, melting or sublimation can 
result in the mechanical trapping of BC in the snowpack and potentially cause 
higher concentrations of BC.  Here, we examine each of these factors and how 
they may cause seasonal or annual variations of BC in the Blewett snowpack. 
 
Depositional Processes 
Seasonal/Annual Changes in BC Emissions.  Due to the short 
atmospheric lifetime of BC (days to weeks), BCʼs climatic effects are highly 
correlated to its sources, both spatially and temporally (Bond et al., 2004; 
Ramanathan and Carmichael, 2008).  Therefore, any seasonal or annual 
variation in its emission will likely correspond to variability in its deposition in the 
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snowpack.  In order to determine potential variability in BC emissions, 
atmospheric concentrations of elemental carbon (analogous to BC) were 
obtained from monitoring stations administered by the Interagency Monitoring of 
Protected Visual Environments (IMPROVE) network for the duration of snow 
sampling events at Blewett Pass.  Three sites were selected (Snoqualmie Pass – 
SNPA, White Pass – WHPA, Mt. Hood – MOHO) based on their location within 
dominant atmospheric transport pathways and similar elevation (Fig. 21).  The 
daily values for total atmospheric elemental carbon were then compiled to obtain 
monthly and annual averages over the stationsʼ history (earliest = 1993 to 
present) in order to investigate potential seasonal and annual variations.   
 
Figure 21.  IMPROVE site locations and 24-hour cluster mean back trajectories from HYSPLIT 
overlaid onto fossil fuel CO2 emissions from Gurney et al (2009). 
 
Results indicate distinct seasonality in monthly-averaged BC 
concentrations, with minimum concentrations in December/January that gradually 
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increased until ~June when they substantially increase to maximum 
concentrations in August/September (Fig. 22a).  As the concentration of BC in 
the snowpack is highly related to the concentration in atmosphere (Hadley et al., 
2010), increasing spring atmospheric BC concentrations are a probable cause for 
the observed coincident increase in the Blewett snowpack.  
 
Figure 22.  (a) Monthly-averaged atmospheric BC concentrations for Snoqualmie Pass, White 
Pass, and the North Cascades (locations in Fig. 12), (b) multi-year record from Snoqualmie pass.  
Data acquired from IMPROVE monitoring network (http://views.cira.colostate.edu/web/). 
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In addition to the seasonal variations of BC emissions, the annually 
averaged data also exhibit variability, which may potentially explain the higher 
maximum concentrations of BC during the 2010 winter.  In order to quantify 
potential annual variability, concentrations of total elemental carbon were 
averaged for each year from Nov. 1 to May 15 (approx. snow accumulation 
season) from 2000-2009 (the duration of available data for all three sites).  The 
overall average was obtained by averaging together the annual averages for all 
three stations.  The emissions anomaly was found by determining the difference 
between each individual years emissions average and the overall average (Table 
7).  Results indicate that some years have had as much as ~60% less or ~20% 
more average atmospheric BC.  Although data for the 2011 winter season is not 
yet available (inhibiting actual comparisons between study years), the high 
degree of annual variability displayed in historical atmospheric concentrations 
suggests that large differences may be common.  Therefore, it is possible that 
the annual difference in MBC concentrations in snow at Blewett Pass may have 
resulted from higher atmospheric concentrations of BC in 2010 than 2011.  It is 
important to note that in recent years elemental carbon concentrations have 
exhibited a decrease in concentrations, which agrees with current research 
regarding atmospheric pollutants in the Pacific Northwest in general (A. 
Johansen, personal communication, 2011). 
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Table 7.  Snow accumuation season averaged concentrations of elemental carbon at Snoqualmie 
Pass, White Pass, and Mt. Hood IMPROVE stations and their anomaly (Nov. 1 – May 15 from 
2000-2009). 
Year 
EC Avg. 
(ug/m3) Anomaly 
Anomaly            
(%) 
2001 0.12 0.03 22.4 
2002 0.10 0.01 7.6 
2003 0.11 0.02 18.8 
2004 0.10 0.01 10.4 
2005 0.09 0.00 2.2 
2006 0.10 0.01 11.0 
2007 0.08 -0.01 -9.5 
2008 0.08 -0.01 -8.8 
2009 0.06 -0.03 -46.5 
2010 0.06 -0.03 -61.4 
Avg. 0.09 -- -- 
 
Changes in Precipitation.  Differences in accumulated precipitation affect 
the resulting BC concentration in the snowpack – higher precipitation rates dilute 
BC in the atmosphere and result in lower concentrations in the snowpack, 
whereas lower precipitation rates result in higher concentrations in the snowpack.  
Therefore, the higher spring BC concentrations may be caused by a substantial 
decrease in the precipitation rate, and higher 2010 MBC may have been caused 
by a decrease in precipitation between years.  Records of accumulated 
precipitation at Blewett Pass (Fig. 16c) display a near constant linear trend, with 
no substantial decrease in the precipitation rate between winter and spring of 
both years.  This suggests that changes in seasonal precipitation are not a 
dominant factor causing higher spring concentrations of BC.  However, over the 
2011 winter sampling season (Nov. 1 – May 15) Blewett Pass received 
approximately 55% more precipitation than the same time period in 2010 (Table 
5; Fig. 16c).  If atmospheric concentrations were similar between years, the 
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increased precipitation in 2011 would have resulted in lower concentrations of BC 
in the snowpack. 
 
Post-depositional Processes 
It has been previously observed that absorbing impurities such as BC and 
dust tend to remain in the snowpack during conditions of melting or sublimation 
(Aamaas et al., 2011; Conway et al., 1996; Huang et al., 2011; Sterle et al., in 
prep).  Therefore, prominent spring melting may be a primary cause for the 
higher observed MBC concentrations, as the BC remains trapped in a decreasing 
snowpack.  During the two seasons monitored in this study, on only two 
occasions there was no precipitation between sampling events (3/14/10 to 
3/24/10 and 4/14/10 to 4/21/10), allowing the investigation of changes in BC 
concentrations in the snowpack without the additional wet deposition of BC.  MBC 
concentrations in surface snow samples displayed a marked increase during 
these sampling events (Table 8), which is either the result of substantial dry 
deposition of BC, or processes occurring post-deposition that concentrate BC in 
the snowpack (Fig. 23). MBC concentrations in meltwater during these events 
were low and the BC structure in the snowpack is retained, suggesting that BC is 
remaining in the snowpack.  The increase in BC is coincident with a decrease in 
snowpack depth, indicating snowpack consolidation during melting.  However, 
without records of total BC mass in the snowpack, it is impossible to determine 
the relative contribution of dry deposition vs. mechanical trapping during melt.  
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Based on the work of others, it is likely that the spring increases idn BC are at 
least partially due to its mechanical trapping during melt (Aamaas et al., 2011; 
Conway et al., 1996; Huang et al., 2011; Sterle et al., in prep).  
Table 8.  MBC concentrations and snowpack depth during two events in which there was no 
precipitation. 
Date 
Snowpack 
Depth  
(cm) 
Surface MBC 
(µg/L) 
Meltwater MBC  
(µg/L) 
3/14/10 79 1.6 -- 
3/24/10 64 4.0 0.2 
4/14/10 61 1.5 0.4 
4/21/10 26 2.9 2.0 
 
 
Figure 23.  Concentration of BC at the melting surface exhibited by MBC profiles from separate 
sample events in which no precipitation occurred between events. 
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Understanding BCʼs Deposition and Migration 
One of the primary goals of this research was to investigate the deposition 
and migration of BC over a winter season.  Over the course of the 2008-2009 
winter season, Sterle et al. (in prep) monitored BCʼs deposition and migration in 
the Sierra Nevada mountains of California.  The authors observed the 
stratification of BC horizons within the snowpack and the structure remained until 
the final stages of melt.  Similar to the results of Sterle et al. (in prep), BC was 
found to gradually accumulate throughout the year and remain in those layers.  
At several times during the seasons monitored in this study, the BC structure in 
the snowpack remained consistent between multiple sampling events, in spite of 
changes in precipitation and temperature (Figs. 14, 15).  MBC concentrations in 
meltwater (Fig. 17b) demonstrate low concentrations until the final sampling 
events, further confirming that BC remains in the snowpack until the final stages 
of melt.  Aamaas et al. (2011) suggest that BC can become concentrated within 
ice lenses and in layers with larger snow grain sizes.  The results of this work 
indicate that at several times MBC concentrations were higher above ice layers in 
the snowpack; however, this was not a consistent observation.  Snow grain size 
was not measured at Blewett Pass as a part of this study, and therefore we are 
unable to estimate whether or not grain size affected MBC concentrations.  
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Comparison to BC Concentrations from Other Locations 
Few studies have investigated BC in the Western US, and this study 
represents only the third study to measure BC in snow in Washington State.  In 
general, MBC concentrations at Blewett Pass are similar to those measured in 
other locations, although several of these locations exhibit concentrations that 
greatly exceed max. MBC at Blewett (Table 9).  Differences in BC concentrations 
between this study and others likely result from a variety of factors: (1) higher BC 
concentrations may be the result of greater regional BC emissions, and the 
differences in measured BC represent actual spatial variability; (2) as suggested 
by this work and the work of others, BC concentrations vary seasonally and can 
become concentrated during conditions of melt.  Therefore, samples collected 
during spring vs. winter will likely exhibit higher concentrations of BC. (3) Many of 
the other studies employ a thermal-optical method for determining BC 
concentrations, which has been shown to commonly result in overestimates of 
BC (Hadley et al., 2008).  Similarly, the method employed in this study has been 
shown to underestimate BC concentrations by ~50% or more (Kaspari et al., 
2011; Ch. II of this work).  
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Table 9.  Regional comparison of BC concentrations both measured and modeled.  The values 
represent average concentrations unless otherwise noted. 
Location 
BC Conc.  
(µg/L equiv.) Reference 
0.1-6.7 (snowpit)  
0.1-7.6 (precip) Cascades, WA 
18.1 (max.) 
This study 
Cascades, WA 22-59 (surface) Grenfell et al. (1981) 
Olympics, WA 10.1-18.5 (surface) Clarke and Noone (1985) 
1-12 (snowpit) Sierra Nevada, CA 4-250 (surface) Sterle et al. (in prep) 
Sierra Nevada, CA 5.3-6.9 (precip) Hadley et al. (2010) 
Coastal CA 1.2-12.9 (precip) Hadley et al. (2010) 
30-37 (avg.) Washington - Modeled 125 (max.) Flanner et al. (2007) 
Western US - Modeled 10-120 (avg.) Qian et al. (2009) 
 
Implications for Water Resources 
The Western US relies heavily on the winter snowpack in order to retain 
streamflows throughout much of summer; some estimates have indicated as 
much as 70% of streamflows are derived from melting snow (Hamlet et al., 2005; 
Serreze et al., 1999; Qian et al., 2009).  BCʼs influence on snow and ice has 
been the subject of investigation since the early-1980s, and it is well understood 
that the deposition of BC on snow and ice reduces albedos and enhances 
melting when present in high enough concentrations, potentially affecting the 
timing and availability of water resources (Clarke and Noone, 1985; Flanner et 
al., 2007; Hansen and Nazarenko, 2004; Qian et al., 2011; Yasunari et al., 2010).  
Painter et al. (2007) estimated a reduction in snow-cover duration of 18 to 35 
days in the San Juan Mountains of Colorado due primarily to the deposition of 
dust on the snowpack, reducing albedo by ~30-40%.  Yasunari et al. (2010) 
estimated in the Himalaya that BC-induced reductions in albedo of 2.0 to 5.2% 
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may potentially increase annual glacial runoff by 11.6 to 33.9%.  In order to 
estimate the impact of BC on water resources in the Pacific Northwest, it is 
necessary to attempt to quantify BC-induced reductions in albedo.  
 
Reductions in Albedo 
Snowpack albedo depends strongly on snow grain size (closely related to 
age) and the presence of impurities (e.g., BC, dust, organic carbon). Other 
factors such as snow cover (e.g., forest, meadow), snow depth, and incident 
sunlight angle also influence snowpack albedo, making exact calculations of BC-
induced albedo quite complicated (Flanner et al., 2007; Hadley et al., 2010; 
Warren and Wiscombe, 1980a).  Previous works have shown that albedo 
reductions of ~1% can be caused by BC in concentrations ranging from 10 to 50 
µg/L (Flanner et al., 2007; Hadley et al., 2010; Ming et al., 2009; Warren and 
Wiscombe, 1980; Yasunari et al., 2010).  Yasunari et al. (2010) and Ming et al. 
(2009) estimated BC-induced reductions in albedo by synthesizing a wide range 
of BC concentration—albedo reduction estimates of other researchers (i.e., 
Warren and Wiscombe, 1980; Grenfell et al., 1981; Clarke and Noone, 1985; 
Hansen and Nazarenko, 2004; Jacobson, 2004) and fitting a linear regression 
equation to their values.  Here we use the linear regression equations of 
Yasunari et al. (2010) and Ming et al. (2009) to estimate BC-induced reductions 
in albedo based on peak (18.1 µg/L and 3.1 µg/L, respectively) and average (1.5 
µg/L and 0.3 µg/L, respectively) concentrations of BC for the 2010 and 2011 
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winters under a variety of mixing states and snow conditions.  Estimates of BC-
induced albedo reduction range from 0.1-5.5%, with maximum reductions in 
albedo occurring under peak BC concentrations (18.1 µg/L) and assumptions of 
internally-mixed BC and old snow conditions (Table 10).  The mixing state of BC 
refers to whether it is internally or externally incorporated in the snow grains, and 
BC in the snowpack is generally assumed to be a combination of both (Warren 
and Wiscombe, 1985).  Therefore, the most realistic reductions in albedo 
probably lie between the values predicted for external and internal mixing states, 
and are closer to “new” snow values after recent snow deposition, and “old” snow 
values in between snowfall events and during conditions of melting.  Although 
reductions in albedo (with exception to peak BC concentrations) are quite low, 
these equations likely underestimate BC-induced reductions in albedo for two 
reasons: 1) particle losses during sample storage and analysis may result in MBC 
concentrations that are ~50% or less of their actual values, and 2) conditions of 
melt and sublimation increase snow grain size, further reducing snowpack albedo 
(Wiscombe and Warren, 1980), meaning that BC-induced melting may result in a 
positive feedback cycle with increases in the snow grain size. 
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Table 10. Estimated reductions in albedo predicted by the linear regression equations of Yasunari 
et al. (2010) and Ming et al. (2009) for peak and average MBC concentrations in both seasons. 
 
Role of BC in Enhanced Snowmelt and Reduced Snow-cover Duration 
Average BC-induced reductions in albedo at Blewett Pass are low (avg. = 
0.1-1.8%), yet peak reductions occur during spring, when snow-albedo feedback 
is the strongest and northern hemisphere solar insolation on seasonal 
snowpacks is the most intense (Flanner et al., 2009).  Additionally, spring melting 
results in further increases in snow grain size and a positive feedback cycle with 
increasing reductions in albedo (Wiscombe and Warren, 1980).  The timing of 
these reductions, potential positive feedback cycles, and underestimates of BC 
concentrations may result in a larger impact to snow cover duration and 
enhanced melting than suggested by albedo reductions alone.  This has 
important implications for water resources, as the duration and extent of snow 
cover is critically related to the timing and availability of spring runoff (Mote et al., 
2005; Painter et al., 2007). 
The presence of BC in the Blewett Pass snowpack likely has a negative 
impact on snow cover duration and enhances melting.  However, regional 
changes in temperature and precipitation are probably more strongly related to 
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changes in snowpack duration and extent.  Several researchers have 
investigated long-term changes in Western US snowpacks, finding widespread 
decreases in April 1 SWE occurring simultaneously with increasing temperatures 
(Hamlet et al., 2005; Mote, 2003; Mote et al., 2005; Serreze et al., 1999).  
Without long-term records of BC concentrations at Blewett Pass, it is difficult to 
attribute changes in snowpack duration to the presence of BC or changes in 
temperature.  For the only two winters of which records of BC concentrations in 
the snowpack exist, snow cover duration was decreased by ~15 days in the 
presence of higher maximum MBC concentrations (Fig. 16d).  However, during 
the 2010 winter accumulated precipitation was lower and average temperature 
was higher, which are factors that likely influence snow cover duration more than 
the presence of absorbing impurities. 
 
Conclusions 
Presented here are the results of high-resolution BC sampling events over 
two winter seasons in the Cascade Mountains of Washington State.  MBC 
concentrations display two dominant variations: (1) concentrations displayed little 
variability over the majority of winter until substantially increasing during spring, 
and (2) BC exists in higher peak concentrations during 2010 than 2011.  These 
seasonal and annual variations in MBC are likely the result of processes occurring 
both during the deposition of BC and post-deposition.  After investigating 
seasonal changes in precipitation, BC emissions, and the mechanical trapping of 
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BC in the snowpack during melt, it is likely that the overall increase in 
atmospheric BC during spring is the dominant factor causing high spring MBC in 
the snowpack.  However, as BC was shown to concentrate in the melting 
snowpack and remain in depositional layers, it is possible that the mechanical 
trapping of BC may substantially contribute to spring increases in MBC 
concentrations.   
Differences in annual accumulated precipitation and differences in 
atmospheric BC concentrations were investigated as a potential cause for higher 
MBC concentrations in 2010 than 2011.  If atmospheric BC concentrations were 
similar between years, it is likely that increased precipitation in 2011 resulted in 
lower concentrations in of MBC in the snowpack.  However, it is equally likely that 
atmospheric concentrations of BC were lower in 2011 than 2010; without records 
of atmospheric BC concentrations from both years it is impossible to delineate 
the dominating factor.  Similar to other studies, BC was shown to accumulate 
gradually in the snowpack and remain in depositional layers until spring melting. 
Estimates of BC-induced reductions in albedo at Blewett Pass range from 
0.1-5.5%, and are strongest during spring when MBC concentrations are the 
highest and snow grain size is the largest due to melting.  It is during this time 
period when insolation is the strongest on seasonal snowpacks and there is a 
high potential for positive feedbacks related to melting and snow grain size.  This 
has important implications for the timing and availability of water resources, as 
snow-cover duration is one of the most important factors related to potential 
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runoff.  Snow-cover duration was observed to be ~15 days less in 2010 than 
2011 under higher peak MBC concentrations.  It is possible that the presence of 
absorbing impurities were a contributing factor, but more likely that decreased 
precipitation and increased temperatures during 2010 were the primarily factors.   
In order to establish a link between changes in snow cover duration and 
MBC concentrations at Blewett Pass multiple years of data are required.  
Additionally, continued snow sampling events at Blewett Pass will ensure that 
multi-year records of BC can be compared to atmospheric BC concentrations 
measured by the IMPROVE network, and the potential relationship investigated.  
Future studies at Blewett would also benefit from a more detailed investigation of 
snow stratigraphy and quantified snow grain size (although highly objective) as 
other work has indicated these may relate to BC concentrations (Aamaas et al., 
2011).  The relative contributions of dry vs. wet deposition of BC at Blewett Pass 
could be determined by increasing sampling frequency during periods of zero 
deposition and temperatures are sufficiently cold to minimize melting.  
Additionally, by determining the volume of all samples prior to analysis, it would 
be possible to estimate the total mass of BC deposited in the snowpack and 
further elucidate the role of changes in annual precipitation amount (i.e., if the 
same mass of BC was deposited in 2010 and 2011, but concentrations were 
lower in 2011, it would likely be related to decreased precipitation), as well as the 
relative contribution of dry deposition vs. mechanical trapping in causing high BC 
concentrations (i.e., if the snowpack consolidated by still contained the same 
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mass of BC, high BC concentrations would likely result from trapping).  Here 
samples were only analyzed for concentrations of BC, yet it is widely understood 
that there are many other potential constituents of the snowpack that may further 
reduce albedo (i.e., dust, brown/organic carbon, biological material) or provide 
more information about the potential sources of BC deposited at Blewett (i.e., 
Asian vs. North America emissions tracers). 
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CHAPTER VI 
CONCLUSIONS 
 
Role of this Study in Enhancing our Understanding of BC 
Both the temporal and spatial variability of BC was investigated at high-resolution 
during this study.  The investigation of BCʼs temporal variability on the Tibetan 
Plateau revealed that ice cores from locations experiencing annual mass loss 
may not accurately represent atmospheric concentrations of BC at the time of 
deposition.  Instead, this core provided an insight into the processes occurring at 
the surface of a glacier during conditions of melt, in which absorbing impurities 
are concentrated at the ablation surface.  BC concentrations were high enough to 
result in estimated reductions of albedo of ~0.1-4.2%, which, when combined 
with the timing of peak concentrations (potentially late spring/summer), and the 
possibility of initiating or enhancing positive feedback cycles with increasing 
snow grain size, likely contributed to the observed glacial retreat in the study 
region.  However, temperatures have also been increasing over the same time 
period, and are probably a more dominant factor than the presence of absorbing 
impurities.  Regardless of the primary driver, glacial retreat in the Himalayas and 
Tibetan Plateau is widespread (Fujita et al., 2000; Jianchen et al., 2008; Prasard 
et al., 2009; Yao et al., 2004) and has immense impacts for the ~1 billion people 
relying on water resources from the “Roof of the World.”
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BCʼs deposition and migration in a snowpack was monitored at weekly 
resolution over two winters on the eastern slope of the Cascade Mountains in 
Washington State.  MBC concentrations here displayed both seasonal and annual 
variability, which are likely due to changes in annual precipitation, changes in 
emissions, and the concentration of BC within a melting spring snowpack.  
Similar to the Geladandong work, estimates of BC-induced reductions in albedo 
are generally low (0.1-5.5%), yet may become significant when the timing of peak 
concentrations (spring) and the possibility of feedback cycles are considered. 
Not only did this study establish the first continuous, pre-industrial to present 
record of BC on the Tibetan Plateau, but it was also the first of its kind to monitor 
BCʼs behavior in a snowpack at high-resolution over multiple years.  Both of 
these records help improve our understanding of the spatial and temporal 
variability of BC, which therefore helps to increase the accuracy of climate 
models estimating the impacts of BC.  Continued work is required in order to 
further delineate BCʼs impacts in both regions; more ice core records from 
locations not experiencing annual melt will help reconstruct the atmospheric 
variability of BC over extended time periods, and help determine the impact that 
large Asian emissions have on the once-pristine glaciers of the Tibetan Plateau 
and Himalaya.  Continued weekly snow sampling at Blewett Pass can help 
determine if a quantifiable relationship exists between BC in the snowpack and 
changes in snow-cover duration, which ultimately affects the timing and 
availability of spring runoff and has potential consequences for downstream 
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water users.  It is important to remember that although the presence of 
absorbing impurities in snow and ice likely has a negative impact on the overall 
extent and duration of these resources, other factors such as anthropogenic 
warming and changes in precipitation are probably still dominating factors, and 
no mitigation effort is compete without addressing both.	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APPENDIXES 
 
APPENDIX A 
 
HIGH-RESOLUTION ICE CORE SAMPLING DATA 
 
No. 
Res. 
(cm) 
Corrected 
Resolution        
(cm) 
Top 
(m) 
Bot. 
(m) 
Mid. 
(m) 
Date 
Analyzed 
Raw 
BC1 
(µg/L) 
Total 
BC2 
(µg/L) Year3 
1 5.0 4.8 0.70 0.75 0.72 10/21/10 0.88 0.87 1982.90 
2 5.0 4.8 0.75 0.80 0.77 10/21/10 2.47 2.46 1982.73 
3 5.0 4.8 0.80 0.84 0.82 10/21/10 0.48 0.47 1982.55 
4 5.0 4.8 0.84 0.89 0.87 10/21/10 1.48 1.47 1982.38 
5 5.0 4.8 0.89 0.94 0.91 10/21/10 0.94 0.93 1982.21 
6 5.0 4.8 0.94 0.99 0.96 10/21/10 2.20 2.19 1982.03 
7 5.0 4.8 0.99 1.03 1.01 10/21/10 7.53 7.52 1981.86 
8 5.0 4.8 1.03 1.08 1.06 10/21/10 1.19 1.18 1981.77 
9 5.0 4.8 1.08 1.13 1.10 10/21/10 0.75 0.74 1981.67 
10 8.5 8.1 1.13 1.21 1.17 10/21/10 0.30 0.29 1981.52 
11 5.0 4.8 1.21 1.26 1.23 10/21/10 0.96 0.95 1981.38 
12 5.0 4.8 1.26 1.30 1.28 10/21/10 0.29 0.28 1981.23 
13 5.0 4.8 1.30 1.35 1.33 10/21/10 0.15 0.14 1981.08 
14 5.0 4.8 1.35 1.40 1.38 10/21/10 0.27 0.26 1980.93 
15 5.0 4.8 1.40 1.45 1.42 10/21/10 0.32 0.31 1980.79 
16 5.0 4.8 1.45 1.49 1.47 10/21/10 0.44 0.43 1980.64 
17 5.0 4.8 1.49 1.54 1.52 10/21/10 0.56 0.55 1980.49 
18 5.0 4.8 1.54 1.59 1.57 10/21/10 0.80 0.79 1980.26 
19 8.5 8.1 1.59 1.67 1.63 10/21/10 0.21 0.20 1980.03 
20 5.0 4.7 1.67 1.72 1.69 10/21/10 0.18 0.17 1979.80 
21 5.0 4.7 1.72 1.76 1.74 10/21/10 0.32 0.31 1979.57 
22 5.0 4.7 1.76 1.81 1.79 10/21/10 0.58 0.57 1979.34 
23 5.0 4.7 1.81 1.86 1.83 10/21/10 1.52 1.51 1979.10 
24 8.0 7.5 1.86 1.93 1.90 10/21/10 4.91 4.81 1978.87 
25 5.0 4.7 1.93 1.98 1.96 10/21/10 2.88 2.78 1978.73 
26 5.0 4.7 1.98 2.03 2.00 10/29/10 3.26 3.22 1978.59 
27 5.0 4.7 2.03 2.07 2.05 10/29/10 3.85 3.80 1978.44 
28 5.0 4.7 2.07 2.12 2.10 10/29/10 0.57 0.51 1978.30 
29 6.5 6.1 2.12 2.18 2.15 10/29/10 2.31 2.24 1978.15 
30 5.0 4.8 2.18 2.23 2.20 10/29/10 4.08 3.99 1978.01 
31 5.0 4.8 2.23 2.28 2.25 10/29/10 1.79 1.69 1977.87 
32 5.0 4.8 2.28 2.32 2.30 10/29/10 0.26 0.15 1977.72 
33 5.0 4.8 2.32 2.37 2.35 10/29/10 0.11 -0.02 1977.57 
34 6.0 5.7 2.37 2.43 2.40 10/29/10 0.35 0.22 1977.41 
35 5.0 4.8 2.43 2.48 2.45 10/29/10 0.10 -0.05 1977.26 
36 5.0 4.8 2.48 2.52 2.50 10/29/10 0.17 0.01 1977.10 
37 5.0 4.8 2.52 2.57 2.55 10/29/10 7.06 6.89 1976.95 
	   102 
38 5.0 4.8 2.57 2.62 2.60 10/29/10 1.88 1.71 1976.79 
39 7.0 6.7 2.62 2.69 2.65 10/29/10 1.82 1.67 1976.62 
40 5.0 4.8 2.69 2.73 2.71 10/29/10 0.32 0.19 1976.45 
41 5.0 4.8 2.73 2.78 2.76 10/30/10 0.16 0.14 1976.27 
42 5.0 4.8 2.78 2.83 2.81 10/30/10 0.78 0.76 1976.10 
43 5.0 4.8 2.83 2.88 2.85 10/30/10     1975.92 
44 7.5 7.2 2.88 2.95 2.91 10/30/10 5.42 5.40 1975.75 
45 5.0 4.8 2.95 3.00 2.97 10/30/10 1.21 1.18 1975.58 
46 5.0 4.8 3.00 3.05 3.02 10/30/10 1.71 1.69 1975.42 
47 5.0 4.8 3.05 3.09 3.07 10/30/10 3.06 3.03 1975.25 
48 5.0 4.8 3.09 3.14 3.12 10/30/10 1.49 1.46 1975.09 
49 5.0 4.8 3.14 3.19 3.17 10/30/10 0.75 0.72 1974.97 
50 5.0 4.8 3.19 3.24 3.21 10/30/10 0.76 0.73 1974.86 
51 5.0 4.8 3.24 3.29 3.26 10/30/10 1.70 1.67 1974.74 
52 5.0 4.8 3.29 3.33 3.31 10/30/10 1.73 1.69 1974.63 
53 5.0 4.8 3.33 3.38 3.36 10/30/10 1.40 1.36 1974.51 
54 5.0 4.8 3.38 3.43 3.41 10/30/10 4.37 4.33 1974.36 
55 5.0 4.8 3.43 3.48 3.45 10/30/10 3.41 3.37 1974.21 
56 5.0 4.8 3.48 3.53 3.50 10/30/10 3.37 3.34 1974.06 
57 5.0 4.8 3.53 3.57 3.55 10/30/10 3.55 3.52 1973.91 
58 9.0 8.6 3.57 3.66 3.62 10/30/10 0.25 0.21 1973.69 
59 5.0 4.8 3.66 3.71 3.68 10/30/10 0.31 0.27 1973.47 
60 5.0 4.8 3.71 3.76 3.73 10/30/10 0.27 0.24 1973.24 
61 5.0 4.8 3.76 3.81 3.78 10/30/10 0.33 0.30 1973.02 
62 5.0 4.8 3.81 3.85 3.83 10/30/10 0.85 0.82 1972.79 
63 9.5 9.2 3.85 3.95 3.90 10/30/10 0.43 0.40 1972.57 
64 5.0 4.8 3.95 3.99 3.97 10/30/10 0.69 0.66 1972.35 
65 5.0 4.8 3.99 4.04 4.02 10/30/10 0.27 0.24 1972.11 
66 5.0 4.8 4.04 4.09 4.07 10/30/10 0.20 0.17 1971.87 
67 5.0 4.8 4.09 4.14 4.12 10/30/10 0.44 0.41 1971.63 
68 5.0 4.8 4.14 4.19 4.16 10/30/10 0.33 0.30 1971.39 
69 5.0 4.8 4.19 4.24 4.21 10/30/10 0.55 0.51 1971.15 
70 5.0 4.8 4.24 4.28 4.26 10/30/10 0.56 0.53 1970.91 
71 5.0 4.8 4.28 4.33 4.31 10/30/10 0.64 0.60 1970.67 
72 7.0 6.8 4.33 4.40 4.37 10/30/10 1.77 1.74 1970.46 
73 5.0 4.9 4.40 4.45 4.42 10/30/10 0.25 0.22 1970.24 
74 5.0 4.9 4.45 4.50 4.47 10/30/10 1.95 1.91 1970.03 
75 5.0 4.9 4.50 4.55 4.52 10/30/10 1.03 0.99 1969.81 
76 5.0 4.9 4.55 4.60 4.57 10/30/10 0.15 0.11 1969.54 
77 9.0 8.8 4.60 4.68 4.64 10/30/10 0.80 0.76 1969.27 
78 5.0 4.9 4.68 4.73 4.71 10/30/10 0.87 0.83 1969.00 
79 5.0 4.9 4.73 4.78 4.76 10/30/10 1.46 1.41 1968.73 
80 5.0 4.9 4.78 4.83 4.81 10/30/10 1.37 1.32 1968.46 
81 5.0 4.9 4.83 4.88 4.85 10/30/10 0.15 0.10 1968.21 
82 5.0 4.9 4.88 4.93 4.90 10/30/10 0.31 0.26 1967.97 
83 5.0 4.9 4.93 4.98 4.95 10/30/10 1.44 1.39 1967.72 
	   103 
84 6.5 6.4 4.98 5.04 5.01 10/30/10 5.26 5.21 1967.48 
85 5.0 4.7 5.04 5.09 5.06 10/30/10 7.34 7.29 1967.23 
86 5.0 4.7 5.09 5.13 5.11 10/30/10 4.17 4.12 1967.08 
87 5.0 4.7 5.13 5.18 5.16 10/30/10 0.73 0.68 1966.93 
88 6.0 5.7 5.18 5.24 5.21 10/30/10 1.80 1.75 1966.78 
89 5.0 4.7 5.24 5.28 5.26 10/30/10 0.40 0.35 1966.62 
90 5.0 4.7 5.28 5.33 5.31 10/31/10     1966.47 
91 5.0 4.7 5.33 5.38 5.36 10/31/10 0.25 0.21 1966.32 
92 5.0 4.7 5.38 5.43 5.40 10/31/10 0.20 0.17 1966.17 
93 9.0 8.5 5.43 5.51 5.47 10/31/10 0.16 0.12 1966.02 
94 5.0 4.7 5.51 5.56 5.54 10/31/10 1.10 1.07 1965.86 
95 5.0 4.7 5.56 5.61 5.58 10/31/10 0.31 0.28 1965.60 
96 9.0 8.5 5.61 5.69 5.65 10/31/10 0.93 0.90 1965.34 
97 6.5 6.3 5.69 5.75 5.72 10/31/10 0.76 0.73 1965.07 
98 6.5 6.3 5.75 5.82 5.79 10/31/10 0.40 0.37 1964.81 
99 6.5 6.3 5.82 5.88 5.85 10/31/10 0.12 0.10 1964.55 
100 6.5 6.3 5.88 5.94 5.91 10/31/10 0.46 0.43 1964.29 
101 6.5 6.3 5.94 6.01 5.98 10/31/10 0.08 0.06 1964.02 
102 6.5 6.3 6.01 6.07 6.04 10/31/10 0.09 0.07 1963.76 
103 9.5 9.3 6.07 6.16 6.12 10/31/10 0.05 0.03 1963.50 
104 6.5 6.3 6.16 6.23 6.19 10/31/10 1.16 1.14 1963.24 
105 6.5 6.3 6.23 6.29 6.26 10/31/10 0.47 0.45 1963.06 
106 6.5 6.3 6.29 6.35 6.32 10/31/10 0.52 0.50 1962.89 
107 9.0 8.8 6.35 6.44 6.40 10/31/10 0.33 0.31 1962.72 
108 6.5 6.5 6.44 6.51 6.47 10/31/10 0.12 0.10 1962.55 
109 6.5 6.5 6.51 6.57 6.54 10/31/10 1.45 4.12 1962.38 
110 6.5 6.5 6.57 6.64 6.60 10/31/10     1962.20 
111 6.5 6.5 6.64 6.70 6.67 10/31/10 7.35 7.33 1962.03 
112 6.5 6.5 6.70 6.77 6.74 10/31/10 1.88 1.86 1961.85 
113 6.5 6.5 6.77 6.83 6.80 10/31/10     1961.68 
114 6.5 6.5 6.83 6.90 6.87 10/31/10 0.68 0.66 1961.50 
115 6.5 6.5 6.90 6.96 6.93 10/31/10     1961.33 
116 6.5 6.5 6.96 7.03 7.00 10/31/10 1.39 1.37 1961.15 
117 8.0 8.1 7.03 7.10 7.07 10/31/10 1.62 1.60 1960.95 
118 6.5 6.5 7.10 7.17 7.13 10/31/10 2.57 2.55 1960.75 
119 6.5 6.5 7.17 7.23 7.20 10/31/10 0.44 0.42 1960.55 
120 10.5 10.5 7.23 7.34 7.28 10/31/10 0.58 0.56 1960.34 
121 6.5 6.5 7.34 7.40 7.37 10/31/10 0.56 0.54 1960.14 
122 9.9 9.9 7.40 7.50 7.45 10/31/10 1.27 1.25 1959.94 
123 6.5 6.5 7.50 7.57 7.53 10/31/10 2.57 2.56 1959.74 
124 6.5 6.5 7.57 7.63 7.60 10/31/10 3.63 3.61 1959.53 
125 6.5 6.5 7.63 7.70 7.66 10/31/10 0.52 0.50 1959.33 
126 8.4 8.4 7.70 7.78 7.74 10/31/10 1.25 1.23 1959.16 
127 6.5 6.7 7.78 7.85 7.81 10/31/10 0.31 0.30 1959.00 
128 6.5 6.7 7.85 7.91 7.88 10/31/10 0.18 0.17 1958.83 
129 6.5 6.7 7.91 7.98 7.95 10/31/10 0.79 0.78 1958.66 
	   104 
130 6.5 6.7 7.98 8.05 8.01 10/31/10 0.10 0.08 1958.50 
131 4.9 5.0 8.05 8.10 8.07 10/31/10 0.51 0.50 1958.33 
132 6.5 6.7 8.10 8.16 8.13 10/31/10 0.63 0.62 1958.16 
133 6.5 6.7 8.16 8.23 8.20 11/20/10 0.32 0.28 1957.97 
134 6.5 6.7 8.23 8.30 8.26 11/20/10 0.60 0.56 1957.78 
135 6.5 6.7 8.30 8.36 8.33 11/20/10 1.66 1.62 1957.59 
136 6.5 6.7 8.36 8.43 8.40 11/20/10 12.22 12.17 1957.40 
137 7.8 8.0 8.43 8.51 8.47 11/20/10 2.49 2.44 1957.21 
138 6.5 6.1 8.51 8.57 8.54 11/20/10 2.11 2.07 1957.02 
139 6.5 6.1 8.57 8.63 8.60 11/20/10 2.32 2.28 1956.83 
140 6.5 6.1 8.63 8.69 8.66 11/20/10 0.53 0.49 1956.64 
141 6.5 6.1 8.69 8.76 8.73 11/20/10 0.42 0.38 1956.46 
142 6.5 6.1 8.76 8.82 8.79 11/20/10 0.35 0.32 1956.27 
143 6.5 6.1 8.82 8.88 8.85 11/20/10 0.40 0.37 1956.09 
144 6.5 6.1 8.88 8.94 8.91 11/20/10 1.23 1.20 1955.90 
145 6.5 6.1 8.94 9.00 8.97 11/20/10 0.42 0.39 1955.77 
146 6.5 6.1 9.00 9.06 9.03 11/20/10 0.22 0.19 1955.64 
147 6.5 6.1 9.06 9.12 9.09 11/20/10 0.21 0.18 1955.50 
148 9.0 8.5 9.12 9.21 9.17 11/20/10 0.18 0.16 1955.37 
149 6.5 6.2 9.21 9.27 9.24 11/20/10 0.21 0.18 1955.24 
150 6.5 6.2 9.27 9.33 9.30 11/20/10 3.61 3.58 1955.10 
151 6.5 6.2 9.33 9.40 9.36 11/20/10 3.99 3.96 1954.97 
152 6.5 6.2 9.40 9.46 9.43 11/20/10 0.51 0.49 1954.85 
153 10.2 9.7 9.46 9.55 9.51 11/20/10   0.68 1954.73 
154 6.5 6.2 9.55 9.62 9.59 11/20/10 0.70 1.06 1954.61 
155 6.5 6.2 9.62 9.68 9.65 11/20/10 1.08 0.61 1954.49 
156 6.5 6.2 9.68 9.74 9.71 11/20/10 0.63 0.70 1954.38 
157 6.5 6.2 9.74 9.80 9.77 11/20/10 0.72 0.59 1954.25 
158 10.4 9.9 9.80 9.90 9.85 11/20/10 0.61 0.07 1954.12 
159 6.5 6.2 9.90 9.96 9.93 11/20/10 0.09 0.15 1953.99 
160 6.5 6.2 9.96 10.02 9.99 11/20/10 0.17 0.91 1953.87 
161 6.5 6.2 10.02 10.08 10.05 11/20/10 0.93 2.48 1953.74 
162 6.5 6.2 10.08 10.15 10.12 11/20/10 0.64 0.62 1953.60 
163 6.5 6.2 10.15 10.21 10.18 11/20/10 0.32 0.31 1953.47 
164 6.5 6.2 10.21 10.27 10.24 11/20/10 0.52 0.50 1953.33 
165 5.3 5.0 10.27 10.32 10.29 11/20/10 0.41 0.39 1953.19 
166 6.5 6.2 10.32 10.38 10.35 11/20/10 0.29 0.28 1953.06 
167 6.5 6.2 10.38 10.44 10.41 11/20/10 0.48 0.46 1952.93 
168 6.5 6.2 10.44 10.50 10.47 11/20/10 0.09 0.07 1952.81 
169 6.5 6.2 10.50 10.57 10.54 11/20/10 0.15 0.13 1952.68 
170 4.7 4.4 10.57 10.61 10.59 11/20/10 0.36 0.34 1952.55 
171 6.5 6.3 10.61 10.67 10.64 11/20/10 0.26 0.25 1952.43 
172 6.5 6.3 10.67 10.74 10.70 11/20/10 0.14 0.12 1952.30 
173 6.5 6.3 10.74 10.80 10.77 11/20/10 0.34 0.32 1952.18 
174 6.5 6.3 10.80 10.86 10.83 12/6/10 0.21 0.20 1952.02 
175 6.5 6.3 10.86 10.92 10.89 12/6/10 0.37 0.35 1951.86 
	   105 
176 5.5 5.3 10.92 10.98 10.95 12/6/10 0.94 0.92 1951.70 
177 6.5 6.3 10.98 11.04 11.01 12/6/10 3.17 3.15 1951.54 
178 6.5 6.3 11.04 11.10 11.07 12/6/10 2.05 2.03 1951.38 
179 6.5 6.3 11.10 11.17 11.13 12/6/10 0.14 0.12 1951.23 
180 6.5 6.3 11.17 11.23 11.20 12/6/10 0.23 0.21 1951.02 
181 9.5 9.2 11.23 11.32 11.27 12/6/10 0.18 0.15 1950.81 
182 6.5 5.9 11.32 11.38 11.35 12/6/10 1.12 1.10 1950.61 
183 6.5 5.9 11.38 11.44 11.41 12/6/10 2.55 2.53 1950.40 
184 6.5 5.9 11.44 11.50 11.47 12/6/10 1.58 1.55 1950.20 
185 6.5 5.9 11.50 11.56 11.53 12/6/10 0.50 0.47 1949.99 
186 6.5 5.9 11.56 11.62 11.59 12/6/10 0.65 0.62 1949.78 
187 6.5 5.9 11.62 11.68 11.65 12/6/10 0.86 0.83 1949.60 
188 6.5 5.9 11.68 11.73 11.71 12/6/10 0.74 0.71 1949.41 
189 6.5 5.9 11.73 11.79 11.76 12/6/10 0.39 0.35 1949.22 
190 6.5 5.9 11.79 11.85 11.82 12/6/10 0.76 0.73 1949.03 
191 6.5 5.9 11.85 11.91 11.88 12/6/10 0.24 0.21 1948.85 
192 6.5 5.9 11.91 11.97 11.94 12/6/10 0.07 0.05 1948.66 
193 6.5 5.9 11.97 12.03 12.00 12/6/10 0.70 0.68 1948.47 
194 6.5 6.1 12.03 12.09 12.06 12/6/10 0.20 0.18 1948.28 
195 6.5 6.1 12.09 12.15 12.12 12/6/10 0.36 0.34 1948.07 
196 6.5 6.1 12.15 12.21 12.18 12/6/10 0.48 0.47 1947.85 
197 6.5 6.1 12.21 12.27 12.24 12/6/10 1.33 1.32 1947.63 
198 6.5 6.1 12.27 12.33 12.30 12/6/10 5.11 5.10 1947.41 
199 6.5 6.1 12.33 12.39 12.36 12/6/10 2.22 2.22 1947.19 
200 6.5 6.1 12.39 12.45 12.42 12/6/10 8.52 8.51 1946.94 
201 6.5 6.1 12.45 12.51 12.48 12/6/10 8.20 8.19 1946.68 
202 6.5 6.1 12.51 12.58 12.55 12/6/10 2.11 2.08 1946.42 
203 8.0 7.5 12.58 12.65 12.61 12/6/10 0.64 0.61 1946.17 
204 5.0 4.7 12.65 12.70 12.67 12/6/10 0.98 0.94 1945.91 
205 6.5 6.1 12.70 12.76 12.73 12/6/10 0.78 0.75 1945.66 
206 10.0 9.3 12.76 12.85 12.80 12/6/10 0.38 0.35 1945.40 
207 6.5 6.4 12.85 12.91 12.88 12/6/10 0.57 0.53 1945.14 
208 8.5 8.3 12.91 13.00 12.96 12/6/10 1.33 1.30 1944.89 
209 6.5 6.4 13.00 13.06 13.03 12/6/10 1.33 1.30 1944.63 
210 6.5 6.4 13.06 13.12 13.09 12/6/10 5.26 5.22 1944.39 
211 6.5 6.4 13.12 13.19 13.16 12/6/10 0.24 0.21 1944.15 
212 6.5 6.4 13.19 13.25 13.22 12/6/10 0.19 0.16 1943.91 
213 11.0 10.8 13.25 13.36 13.31 12/6/10 0.34 0.31 1943.67 
214 6.5 6.4 13.36 13.42 13.39 12/6/10 0.78 0.75 1943.43 
215 8.0 7.8 13.42 13.50 13.46 12/8/10     1943.19 
216 6.5 6.5 13.50 13.57 13.53 12/8/10 1.15 1.11 1942.96 
217 6.5 6.5 13.57 13.63 13.60 12/8/10 0.21 0.17 1942.72 
218 6.5 6.5 13.63 13.70 13.66 12/8/10 1.69 1.65 1942.49 
219 6.5 6.5 13.70 13.76 13.73 12/8/10 1.49 1.45 1942.27 
220 6.5 6.5 13.76 13.83 13.79 12/8/10 1.00 0.96 1942.04 
221 6.5 6.5 13.83 13.89 13.86 12/8/10 0.26 0.22 1941.82 
	   106 
222 10.5 10.5 13.89 14.00 13.94 12/8/10 0.36 0.33 1941.59 
223 6.5 6.5 14.00 14.06 14.03 12/8/10 0.39 0.36 1941.37 
224 10.0 10.0 14.06 14.16 14.11 12/8/10 0.32 0.29 1941.15 
247 6.5 6.2 14.16 14.22 14.19 12/8/10 0.10 0.08 1940.92 
248 6.5 6.2 14.22 14.28 14.25 12/8/10 0.68 0.66 1940.70 
249 6.5 6.2 14.28 14.35 14.32 12/8/10 0.39 0.37 1940.47 
250 6.5 6.2 14.35 14.41 14.38 12/8/10 0.29 0.27 1940.32 
251 6.5 6.2 14.41 14.47 14.44 12/8/10 0.12 0.10 1940.18 
252 9.0 8.6 14.47 14.56 14.51 12/8/10 0.28 0.26 1940.03 
253 6.5 6.2 14.56 14.62 14.59 12/8/10 0.16 0.14 1939.88 
254 6.5 6.2 14.62 14.68 14.65 12/8/10 0.71 0.69 1939.73 
255 6.5 6.2 14.68 14.74 14.71 12/8/10 0.18 0.16 1939.58 
256 6.5 6.2 14.74 14.80 14.77 12/8/10 0.17 0.15 1939.43 
257 7.0 6.7 14.80 14.87 14.84 12/8/10 0.69 0.67 1939.29 
225 6.5 6.3 14.87 14.93 14.90 12/8/10 2.08 2.04 1939.14 
226 6.5 6.3 14.93 15.00 14.96 12/8/10 1.29 1.26 1938.99 
227 6.5 6.3 15.00 15.06 15.03 12/8/10 0.41 0.38 1938.84 
228 6.5 6.3 15.06 15.12 15.09 12/8/10 1.34 1.31 1938.69 
229 6.0 5.8 15.12 15.18 15.15 12/8/10 0.32 0.29 1938.58 
230 6.5 6.3 15.18 15.24 15.21 12/8/10 0.12 0.09 1938.46 
231 6.5 6.3 15.24 15.31 15.27 12/8/10 0.28 0.25 1938.35 
232 6.5 6.3 15.31 15.37 15.34 12/8/10     1938.23 
233 6.5 6.3 15.37 15.43 15.40 12/8/10 0.72 0.69 1938.12 
234 6.5 6.3 15.43 15.49 15.46 12/8/10 2.13 2.10 1938.00 
235 6.5 6.3 15.49 15.56 15.53 12/8/10 0.67 0.65 1937.89 
236 6.5 6.3 15.56 15.62 15.59 12/8/10 0.55 0.53 1937.77 
237 6.5 6.5 15.62 15.68 15.65 12/8/10 0.17 0.14 1937.66 
238 6.5 6.5 15.68 15.75 15.72 12/8/10 0.17 0.15 1937.55 
239 6.5 6.5 15.75 15.81 15.78 12/8/10 0.07 0.05 1937.43 
240 6.5 6.5 15.81 15.88 15.85 12/8/10 0.11 0.09 1937.32 
241 6.5 6.5 15.88 15.94 15.91 12/8/10 0.16 0.14 1937.21 
242 9.5 9.4 15.94 16.04 15.99 12/8/10 0.24 0.22 1937.09 
243 6.5 6.5 16.04 16.10 16.07 12/8/10 0.14 0.12 1936.98 
244 6.5 6.5 16.10 16.17 16.13 12/8/10 0.21 0.19 1936.86 
245 6.5 6.5 16.17 16.23 16.20 12/8/10 0.64 0.62 1936.73 
246 7.0 6.9 16.23 16.30 16.27 12/8/10 0.30 0.28 1936.61 
258 6.5 6.6 16.30 16.37 16.33 12/8/10 0.70 0.68 1936.49 
259 6.5 6.6 16.37 16.43 16.40 12/8/10 0.84 0.82 1936.36 
260 6.5 6.6 16.43 16.50 16.47 12/8/10 0.68 0.65 1936.24 
261 6.5 6.6 16.50 16.56 16.53 12/8/10 0.09 0.06 1936.12 
262 6.5 6.6 16.56 16.63 16.60 12/8/10 0.11 0.08 1936.00 
263 4.5 4.6 16.63 16.68 16.65 12/8/10 0.04 0.02 1935.87 
264 6.5 6.6 16.68 16.74 16.71 12/8/10 0.18 0.15 1935.75 
265 6.5 6.6 16.74 16.81 16.77 12/8/10 0.33 0.30 1935.66 
266 6.5 6.6 16.81 16.87 16.84 12/8/10 0.20 0.17 1935.58 
267 6.5 6.6 16.87 16.94 16.91 12/8/10 0.08 0.05 1935.49 
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268 8.0 8.1 16.94 17.02 16.98 12/8/10 0.05 0.02 1935.40 
269 6.5 6.5 17.02 17.08 17.05 12/8/10 0.29 0.26 1935.31 
270 6.5 6.5 17.08 17.15 17.12 12/8/10 0.28 0.26 1935.17 
271 10.0 9.9 17.15 17.25 17.20 12/8/10 0.53 0.49 1935.03 
272 6.5 6.5 17.25 17.31 17.28 12/8/10 0.11 0.09 1934.89 
273 6.5 6.5 17.31 17.38 17.35 12/8/10 0.10 0.07 1934.74 
274 6.5 6.5 17.38 17.44 17.41 12/8/10 0.82 0.78 1934.60 
275 8.0 7.9 17.44 17.52 17.48 12/9/10 0.85 0.82 1934.46 
276 6.5 6.5 17.52 17.59 17.55 12/9/10 0.40 0.38 1934.32 
277 6.5 6.5 17.59 17.65 17.62 12/9/10 1.02 1.00 1934.13 
278 10.0 9.9 17.65 17.75 17.70 12/9/10 0.72 0.70 1933.93 
279 6.5 6.5 17.75 17.82 17.78 12/9/10 1.08 1.06 1933.74 
280 6.5 6.5 17.82 17.88 17.85 12/9/10 0.66 0.64 1933.55 
281 6.5 6.5 17.88 17.95 17.91 12/9/10 0.82 0.79 1933.36 
282 6.5 6.5 17.95 18.01 17.98 12/9/10 0.15 0.13 1933.17 
283 6.5 6.5 18.01 18.08 18.04 12/9/10 0.10 0.08 1932.98 
284 6.5 6.5 18.08 18.14 18.11 12/9/10 0.82 0.80 1932.79 
285 4.5 4.5 18.14 18.19 18.16 12/9/10 0.22 0.20 1932.60 
286 6.5 6.5 18.19 18.25 18.22 12/9/10 1.18 1.16 1932.37 
287 6.5 6.5 18.25 18.32 18.28 12/9/10 2.03 2.01 1932.13 
288 6.5 6.5 18.32 18.38 18.35 12/9/10 10.51 10.49 1931.89 
289 6.5 6.5 18.38 18.45 18.41 12/9/10 0.51 0.48 1931.66 
290 9.6 9.6 18.45 18.54 18.49 12/9/10 0.53 0.50 1931.42 
291 6.5 6.4 18.54 18.60 18.57 12/9/10 0.20 0.18 1931.18 
292 6.5 6.4 18.60 18.67 18.64 12/9/10 3.86 3.83 1930.95 
293 6.5 6.4 18.67 18.73 18.70 12/9/10 0.19 0.16 1930.71 
294 7.0 6.9 18.73 18.80 18.77 12/9/10 0.34 0.31 1930.49 
295 6.5 6.4 18.80 18.87 18.84 12/9/10 0.62 0.59 1930.27 
296 6.5 6.4 18.87 18.93 18.90 12/9/10 1.22 1.18 1930.05 
297 6.5 6.4 18.93 19.00 18.96 12/9/10 1.52 1.48 1929.83 
298 6.5 6.4 19.00 19.06 19.03 12/9/10 0.75 0.71 1929.61 
299 8.3 8.2 19.06 19.14 19.10 12/9/10 0.34 0.30 1929.39 
300 6.5 6.4 19.14 19.21 19.18 2/7/11 0.16 0.12 1929.17 
301 6.5 6.4 19.21 19.27 19.24 2/7/11 0.52 0.50 1928.95 
302 6.5 6.4 19.27 19.34 19.30 2/7/11 0.93 0.91 1928.73 
303 6.5 6.4 19.34 19.40 19.37 2/7/11 0.25 0.23 1928.52 
304 6.5 6.4 19.40 19.47 19.43 2/7/11 0.15 0.13 1928.31 
305 7.5 7.4 19.47 19.54 19.50 2/7/11 0.12 0.10 1928.10 
306 6.5 6.4 19.54 19.60 19.57 2/7/11 1.79 1.76 1927.89 
307 6.5 6.4 19.60 19.67 19.64 2/7/11 0.46 0.44 1927.68 
308 6.5 6.4 19.67 19.73 19.70 2/7/11 0.50 0.47 1927.48 
309 8.4 8.3 19.73 19.81 19.77 2/7/11     1927.27 
310 6.5 6.4 19.81 19.88 19.85 2/7/11 1.94 1.91 1927.03 
311 6.5 6.4 19.88 19.94 19.91 2/7/11 0.16 0.13 1926.78 
312 6.5 6.4 19.94 20.01 19.98 2/7/11 1.39 1.36 1926.54 
313 6.5 6.4 20.01 20.07 20.04 2/7/11 0.36 0.32 1926.30 
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314 6.5 6.4 20.07 20.13 20.10 2/7/11 2.27 2.23 1926.06 
315 6.5 6.4 20.13 20.20 20.17 2/7/11     1925.82 
316 6.2 6.1 20.20 20.26 20.23 2/7/11 0.67 0.64 1925.58 
317 6.5 6.7 20.26 20.33 20.29 2/7/11 0.11 0.08 1925.34 
318 6.5 6.7 20.33 20.39 20.36 2/7/11 0.17 0.14 1925.11 
319 6.5 6.7 20.39 20.46 20.43 2/7/11 0.39 0.36 1924.89 
320 6.5 6.7 20.46 20.53 20.49 2/7/11 1.54 1.51 1924.67 
321 8.7 8.9 20.53 20.62 20.57 2/7/11 0.80 0.77 1924.44 
322 6.5 6.7 20.62 20.68 20.65 2/7/11 0.54 0.50 1924.22 
323 6.5 6.7 20.68 20.75 20.72 2/7/11     1923.99 
324 6.5 6.7 20.75 20.81 20.78 2/7/11 0.78 0.74 1923.77 
325 10.3 10.5 20.81 20.92 20.87 2/7/11 0.62 0.59 1923.54 
326 6.5 6.8 20.92 20.99 20.95 2/7/11 1.83 1.79 1923.32 
327 6.5 6.8 20.99 21.06 21.02 2/7/11 0.70 0.67 1923.09 
328 6.5 6.8 21.06 21.12 21.09 2/7/11 0.83 0.80 1922.87 
329 6.5 6.8 21.12 21.19 21.16 2/7/11 0.52 0.49 1922.64 
330 6.5 6.8 21.19 21.26 21.22 2/7/11 0.78 0.74 1922.42 
331 6.5 6.8 21.26 21.33 21.29 6/30/11 0.36 0.35 1922.19 
332 6.5 6.8 21.33 21.39 21.36 6/30/11 3.67 3.66 1921.95 
333 6.5 6.8 21.39 21.46 21.43 6/30/11 0.21 0.19 1921.72 
334 11.5 12.0 21.46 21.58 21.52 6/30/11 0.30 0.26 1921.48 
335 6.5 6.4 21.58 21.70 21.64 6/30/11 0.53 0.51 1921.25 
336 6.5 6.4 21.70 21.76 21.73 6/30/11 0.69 0.67 1921.02 
337 6.5 6.4 21.76 21.83 21.80 6/30/11 0.24 0.21 1920.78 
338 6.5 6.4 21.83 21.89 21.86 6/30/11 1.57 1.54 1920.55 
339 6.5 6.4 21.89 21.96 21.92 6/30/11 0.37 0.34 1920.32 
340 6.5 6.4 21.96 22.02 21.99 6/30/11 0.67 0.63 1920.08 
341 6.5 6.4 22.02 22.08 22.05 6/30/11 0.27 0.23 1919.85 
342 6.5 6.4 22.08 22.15 22.12 6/30/11 0.63 0.59 1919.70 
343 6.5 6.4 22.15 22.21 22.18 6/30/11 0.26 0.22 1919.55 
344 6.5 6.4 22.21 22.28 22.24 6/30/11 0.19 0.15 1919.41 
345 11.2 11.0 22.28 22.33 22.30 6/30/11 0.95 0.91 1919.26 
346 6.5 6.5 22.33 22.39 22.36 6/30/11 0.54 0.50 1919.11 
347 6.5 6.5 22.39 22.46 22.43 6/30/11 1.38 1.35 1918.96 
348 6.5 6.5 22.46 22.52 22.49 6/30/11 0.36 0.33 1918.81 
349 6.5 6.5 22.52 22.59 22.56 6/30/11 0.59 0.56 1918.67 
350 6.2 6.2 22.59 22.65 22.62 6/30/11 0.53 0.50 1918.52 
351 6.5 6.5 22.65 22.72 22.68 6/30/11 0.72 0.69 1918.37 
352 6.5 6.5 22.72 22.78 22.75 6/30/11 0.11 0.08 1918.22 
353 6.5 6.5 22.78 22.85 22.81 6/30/11 0.26 0.23 1917.97 
354 9.5 9.5 22.85 22.94 22.89 6/30/11 0.18 0.16 1917.72 
355 6.5 6.4 22.94 23.00 22.97 6/30/11 0.42 0.39 1917.47 
356 6.5 6.4 23.00 23.07 23.04 6/30/11 0.55 0.53 1917.22 
357 6.5 6.4 23.07 23.13 23.10 6/30/11 0.54 0.51 1916.97 
358 10.6 10.4 23.13 23.24 23.18 6/30/11 0.22 0.19 1916.72 
359 6.5 6.4 23.24 23.30 23.27 6/30/11 0.35 0.33 1916.47 
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360 6.5 6.4 23.30 23.36 23.33 6/30/11 3.94 3.92 1916.22 
361 6.5 6.4 23.36 23.43 23.39 6/30/11 1.02 1.00 1915.97 
362 6.5 6.4 23.43 23.49 23.46 6/30/11 0.28 0.26 1915.81 
363 6.5 6.4 23.49 23.55 23.52 6/30/11 0.62 0.60 1915.65 
364 6.5 6.4 23.55 23.62 23.59 6/30/11 1.55 1.52 1915.49 
365 6.4 6.3 23.62 23.68 23.65 6/30/11 0.75 0.73 1915.33 
366 6.5 6.6 23.68 23.75 23.71 6/30/11 2.20 2.18 1915.17 
367 6.5 6.6 23.75 23.81 23.78 6/30/11 0.46 0.44 1915.01 
368 8.4 8.6 23.81 23.90 23.86 6/30/11 0.14 0.12 1914.85 
369 6.5 6.6 23.90 23.96 23.93 6/30/11 1.20 1.18 1914.69 
370 6.5 6.6 23.96 24.03 24.00 6/30/11 0.63 0.61 1914.46 
371 6.5 6.6 24.03 24.10 24.06 6/30/11 0.33 0.31 1914.23 
372 6.5 6.6 24.10 24.16 24.13 6/30/11 0.30 0.27 1914.01 
373 8.5 8.7 24.16 24.25 24.21 6/30/11 0.37 0.35 1913.78 
374 5.8 5.9 24.25 24.31 24.28 6/30/11 0.49 0.47 1913.55 
375 6.5 6.2 24.31 24.37 24.34 6/30/11 0.12 0.09 1913.32 
376 6.5 6.2 24.37 24.43 24.40 6/30/11 0.13 0.10 1913.10 
377 6.5 6.2 24.43 24.49 24.46 6/30/11 0.10 0.07 1912.87 
378 6.5 6.2 24.49 24.56 24.53 6/30/11 0.12 0.09 1912.64 
379 8.6 8.1 24.56 24.64 24.60 6/30/11 0.15 0.12 1912.42 
380 6.5 6.2 24.64 24.70 24.67 6/30/11 0.11 0.08 1912.19 
381 6.5 6.2 24.70 24.76 24.73 6/30/11 0.06 0.04 1911.97 
382 6.5 6.2 24.76 24.82 24.79 6/30/11 0.06 0.03 1911.74 
383 8.7 8.2 24.82 24.90 24.86 6/30/11 0.08 0.05 1911.51 
384 4.8 4.5 24.90 24.95 24.93 6/30/11 0.14 0.11 1911.29 
385 6.5 6.5 24.95 25.02 24.98 6/30/11 0.05 0.02 1911.06 
386 6.5 6.5 25.02 25.08 25.05 6/30/11 0.07 0.04 1910.84 
387 6.5 6.5 25.08 25.15 25.11 6/30/11 0.60 0.57 1910.61 
388 6.5 6.5 25.15 25.21 25.18 6/30/11 0.40 0.36 1910.39 
389 6.5 6.5 25.21 25.28 25.24 6/30/11 4.13 4.09 1910.16 
390 6.5 6.5 25.28 25.34 25.31 6/30/11 3.78 3.74 1909.94 
391 6.5 6.5 25.34 25.41 25.37 6/30/11 0.79 0.76 1909.76 
392 11.4 11.4 25.41 25.52 25.46 6/30/11 0.51 0.48 1909.57 
393 6.5 6.6 25.52 25.59 25.55 6/30/11 0.36 0.34 1909.39 
394 6.5 6.6 25.59 25.65 25.62 6/30/11 0.19 0.17 1909.21 
395 6.5 6.6 25.65 25.72 25.68 7/1/11 1.31 1.28 1909.03 
396 6.5 6.6 25.72 25.78 25.75 7/1/11 1.74 1.70 1908.85 
397 6.5 6.6 25.78 25.85 25.82 7/1/11 1.22 1.19 1908.67 
398 6.5 6.6 25.85 25.91 25.88 7/1/11 0.47 0.44 1908.49 
399 6.5 6.6 25.91 25.98 25.95 7/1/11 0.90 0.87 1908.30 
400 6.5 6.6 25.98 26.04 26.01 7/1/11 0.38 0.35 1908.12 
401 7.6 7.7 26.04 26.12 26.08 7/1/11 0.21 0.18 1907.95 
402 6.5 6.6 26.12 26.19 26.15 7/1/11 0.86 0.83 1907.77 
403 6.5 6.6 26.19 26.25 26.22 7/1/11 0.51 0.48 1907.60 
404 6.7 6.8 26.25 26.32 26.29 7/1/11 0.45 0.42 1907.42 
405 6.5 6.5 26.32 26.39 26.35 7/1/11 0.29 0.26 1907.25 
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406 6.5 6.5 26.39 26.45 26.42 7/1/11 0.25 0.22 1907.07 
407 6.6 6.6 26.45 26.52 26.48 7/1/11 0.62 0.58 1906.90 
408 6.5 6.5 26.52 26.58 26.55 7/1/11 0.35 0.32 1906.72 
409 6.5 6.5 26.58 26.65 26.62 7/1/11 0.13 0.10 1906.55 
410 6.5 6.5 26.65 26.71 26.68 7/1/11 0.12 0.09 1906.38 
411 6.5 6.5 26.71 26.78 26.75 7/1/11 0.18 0.14 1906.20 
412 11.2 11.2 26.78 26.89 26.83 7/1/11 0.12 0.09 1905.99 
413 6.5 6.4 26.89 26.95 26.92 7/1/11 0.06 0.04 1905.78 
414 6.5 6.4 26.95 27.02 26.99 7/1/11 0.24 0.22 1905.57 
415 6.5 6.4 27.02 27.08 27.05 7/1/11 0.49 0.46 1905.35 
416 6.5 6.4 27.08 27.15 27.12 7/1/11 0.94 0.92 1905.13 
417 11.5 11.4 27.15 27.26 27.20 7/1/11 3.01 2.99 1904.91 
418 6.5 6.4 27.26 27.33 27.29 7/1/11 1.12 1.10 1904.70 
419 6.5 6.4 27.33 27.39 27.36 7/1/11 0.66 0.64 1904.48 
420 6.5 6.4 27.39 27.45 27.42 7/1/11 1.04 1.03 1904.26 
421 6.5 6.4 27.45 27.52 27.49 7/1/11     1904.05 
422 7.3 7.2 27.52 27.59 27.55 7/1/11 2.40 2.39 1903.83 
423 6.5 6.9 27.59 27.66 27.63 7/1/11 0.24 0.23 1903.61 
424 6.5 6.9 27.66 27.73 27.69 7/1/11 0.19 0.17 1903.37 
425 10.1 10.7 27.73 27.84 27.78 7/1/11 0.22 0.21 1903.13 
426 6.5 6.9 27.84 27.90 27.87 7/1/11 0.72 0.71 1902.89 
427 6.5 6.9 27.90 27.97 27.94 7/1/11 0.54 0.53 1902.65 
428 6.5 6.9 27.97 28.04 28.01 7/1/11 2.33 2.31 1902.41 
429 6.5 6.9 28.04 28.11 28.08 7/1/11     1902.16 
430 6.5 6.9 28.11 28.18 28.15 7/1/11 1.36 1.34 1901.92 
431 8.4 8.9 28.18 28.27 28.23 7/1/11 0.25 0.23 1901.68 
432 6.5 6.7 28.27 28.34 28.30 7/1/11 0.16 0.13 1901.44 
433 6.5 6.7 28.34 28.40 28.37 7/1/11 0.43 0.41 1901.26 
434 7.4 7.7 28.40 28.48 28.44 7/1/11 0.12 0.09 1901.08 
435 6.5 6.7 28.48 28.55 28.52 7/1/11 0.21 0.18 1900.90 
436 6.5 6.7 28.55 28.62 28.58 7/1/11 0.33 0.30 1900.72 
437 6.5 6.7 28.62 28.68 28.65 7/1/11 5.33 5.30 1900.55 
438 6.5 6.7 28.68 28.75 28.72 7/1/11 2.57 2.54 1900.37 
439 6.5 6.7 28.75 28.82 28.79 7/1/11 2.29 2.27 1900.19 
440 11.7 12.1 28.82 28.94 28.88 7/1/11 0.64 0.61 1900.01 
441 6.5 6.3 28.94 29.00 28.97 7/1/11 0.58 0.55 1899.83 
442 6.5 6.3 29.00 29.07 29.04 7/1/11 0.52 0.49 1899.71 
443 6.5 6.3 29.07 29.13 29.10 7/1/11 0.28 0.25 1899.59 
444 6.5 6.3 29.13 29.19 29.16 7/1/11 0.41 0.39 1899.47 
445 6.5 6.3 29.19 29.26 29.23 7/1/11 0.56 0.54 1899.35 
446 6.5 6.3 29.26 29.32 29.29 7/1/11 0.36 0.33 1899.23 
447 8.0 7.8 29.32 29.40 29.36 7/1/11 0.35 0.32 1899.11 
448 6.5 6.3 29.40 29.46 29.43 7/1/11 0.56 0.54 1898.99 
449 6.5 6.3 29.46 29.52 29.49 7/1/11 0.67 0.64 1898.87 
450 6.5 6.3 29.52 29.59 29.56 7/1/11 0.61 0.59 1898.75 
451 9.5 9.3 29.59 29.68 29.63 7/11/11 0.62 0.61 1898.57 
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452 6.5 6.6 29.68 29.75 29.71 7/11/11 0.27 0.25 1898.39 
453 6.5 6.6 29.75 29.81 29.78 7/11/11 0.87 0.85 1898.22 
454 6.5 6.6 29.81 29.88 29.85 7/11/11 1.81 1.79 1898.04 
455 7.5 7.7 29.88 29.96 29.92 7/11/11 1.22 1.20 1897.86 
456 6.5 6.6 29.96 30.02 29.99 7/11/11 0.17 0.15 1897.69 
457 6.5 6.6 30.02 30.09 30.06 7/11/11 0.33 0.31 1897.51 
458 6.5 6.6 30.09 30.15 30.12 7/11/11 0.46 0.44 1897.33 
459 6.5 6.6 30.15 30.22 30.19 7/11/11 0.25 0.22 1897.15 
460 6.5 6.6 30.22 30.29 30.25 7/11/11 0.14 0.11 1896.98 
461 11.0 11.2 30.29 30.40 30.34 7/11/11 1.00 0.97 1896.75 
462 6.5 6.5 30.40 30.47 30.43 7/11/11 0.46 0.43 1896.52 
463 6.5 6.5 30.47 30.53 30.50 7/11/11 0.54 0.50 1896.30 
464 6.5 6.5 30.53 30.60 30.56 7/11/11 0.92 0.88 1896.07 
465 6.5 6.5 30.60 30.66 30.63 7/11/11 0.84 0.80 1895.84 
466 8.0 8.0 30.66 30.74 30.70 7/11/11 0.49 0.45 1895.62 
467 11.5 11.5 30.74 30.86 30.80 7/11/11 0.24 0.19 1895.39 
468 6.5 6.5 30.86 30.92 30.89 7/11/11 1.05 1.00 1895.16 
469 6.5 6.5 30.92 30.99 30.95 7/11/11 0.59 0.54 1894.95 
470 11.5 11.5 30.99 31.10 31.04 7/11/11 0.53 0.47 1894.74 
471 6.5 6.6 31.10 31.17 31.13 7/11/11 2.01 1.95 1894.54 
472 6.5 6.6 31.17 31.23 31.20 7/11/11 0.81 0.75 1894.33 
473 6.5 6.6 31.23 31.30 31.27 7/11/11 0.14 0.08 1894.12 
474 6.5 6.6 31.30 31.37 31.33 7/11/11 0.24 0.17 1893.91 
475 6.5 6.6 31.37 31.43 31.40 7/11/11 0.28 0.27 1893.70 
476 6.5 6.6 31.43 31.50 31.47 7/11/11 0.29 0.28 1893.45 
477 6.5 6.6 31.50 31.56 31.53 7/11/11 0.59 0.58 1893.21 
478 6.5 6.6 31.56 31.63 31.60 7/11/11 2.03 2.02 1892.96 
479 6.5 6.6 31.63 31.70 31.66 7/11/11 1.01 0.99 1892.72 
480 12.0 12.3 31.70 31.82 31.76 7/11/11 0.81 0.79 1892.47 
481 6.5 6.6 31.82 31.89 31.85 7/11/11 0.14 0.12 1892.23 
482 6.5 6.6 31.89 31.95 31.92 7/11/11 0.22 0.20 1891.98 
483 6.5 6.6 31.95 32.02 31.99 7/11/11 0.27 0.25 1891.73 
484 9.5 9.6 32.02 32.11 32.07 7/11/11 0.21 0.19 1891.49 
485 10.5 10.7 32.11 32.22 32.17 7/11/11 0.12 0.10 1891.24 
486 6.5 6.6 32.22 32.29 32.25 7/11/11 0.08 0.06 1891.00 
487 6.5 6.6 32.29 32.35 32.32 7/11/11 0.06 0.03 1890.81 
488 6.5 6.6 32.35 32.42 32.39 7/11/11 0.22 0.19 1890.63 
489 6.0 6.1 32.42 32.48 32.45 7/11/11 0.89 0.86 1890.45 
490 6.5 6.6 32.48 32.55 32.51 7/11/11 2.21 2.18 1890.26 
491 6.5 6.6 32.55 32.61 32.58 7/11/11 0.56 0.53 1890.08 
492 6.5 6.6 32.61 32.68 32.65 7/11/11 0.55 0.52 1889.90 
493 6.5 6.6 32.68 32.74 32.71 7/11/11 0.16 0.13 1889.72 
494 12.0 12.2 32.74 32.87 32.81 7/11/11 0.36 0.33 1889.53 
495 6.5 6.6 32.87 32.93 32.90 7/11/11 2.91 2.88 1889.35 
496 6.5 6.6 32.93 33.00 32.96 7/11/11 0.60 0.57 1889.17 
497 6.5 6.6 33.00 33.06 33.03 7/11/11 0.20 0.17 1888.99 
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498 11.5 11.7 33.06 33.18 33.12 7/11/11 0.96 0.93 1888.80 
499 6.5 6.7 33.18 33.25 33.21 7/11/11 0.26 0.23 1888.62 
500 6.5 6.7 33.25 33.31 33.28 7/11/11 0.60 0.57 1888.44 
500 6.5 6.7 33.31 33.38 33.35 7/11/11 0.51 0.48 1888.26 
501 11.5 11.9 33.38 33.50 33.44 7/11/11 0.21 0.18 1888.08 
502 6.5 6.7 33.50 33.57 33.54 7/11/11 0.04 0.01 1887.89 
503 6.5 6.7 33.57 33.64 33.60 7/11/11 0.16 0.13 1887.71 
504 6.5 6.7 33.64 33.70 33.67 7/11/11 0.41 0.38 1887.52 
505 6.5 6.7 33.70 33.77 33.74 7/11/11 0.56 0.53 1887.33 
506 6.5 6.7 33.77 33.84 33.80 7/11/11 0.09 0.06 1887.14 
507 6.5 6.7 33.84 33.90 33.87 7/11/11 0.28 0.25 1886.95 
508 7.0 7.2 33.90 33.91 33.91 7/11/11 0.16 0.13 1886.76 
509 6.5 6.5 33.91 33.98 33.94 7/11/11 0.22 0.19 1886.57 
510 6.5 6.5 33.98 34.04 34.01 7/11/11 0.11 0.08 1886.38 
511 8.5 8.6 34.04 34.13 34.08 7/11/11 0.46 0.43 1886.18 
512 7.5 7.6 34.13 34.20 34.16 7/11/11 1.29 1.26 1885.99 
513 6.5 6.5 34.20 34.27 34.24 7/11/11 1.07 1.04 1885.77 
514 6.5 6.5 34.27 34.33 34.30 7/11/11 0.43 0.40 1885.55 
515 6.5 6.5 34.33 34.40 34.37 7/11/11 0.55 0.52 1885.33 
516 6.5 6.5 34.40 34.46 34.43 7/11/11 0.72 0.69 1885.11 
517 6.5 6.5 34.46 34.53 34.50 7/11/11 0.24 0.21 1884.89 
518 10.0 10.1 34.53 34.63 34.58 7/11/11 0.72 0.69 1884.67 
519 6.5 6.8 34.63 34.70 34.66 7/11/11 0.28 0.25 1884.44 
520 6.5 6.8 34.70 34.77 34.73 7/11/11 2.36 2.33 1884.22 
521 6.5 6.8 34.77 34.83 34.80 7/11/11 0.20 0.17 1884.00 
522 8.5 8.8 34.83 34.92 34.88 7/11/11 0.20 0.17 1883.78 
523 6.5 6.8 34.92 34.99 34.96 7/11/11 1.50 1.47 1883.56 
524 6.5 6.8 34.99 35.06 35.02 7/11/11 1.52 1.49 1883.28 
525 6.5 6.8 35.06 35.12 35.09 7/11/11     1883.00 
526 6.5 6.8 35.12 35.19 35.16 7/12/11 3.99 3.95 1882.72 
527 10.5 10.9 35.19 35.30 35.25 7/12/11 1.36 1.33 1882.44 
528 6.5 6.4 35.30 35.36 35.33 7/12/11 0.44 0.41 1882.16 
529 6.5 6.4 35.36 35.43 35.40 7/12/11 1.92 1.89 1881.88 
530 13.0 12.7 35.43 35.55 35.49 7/12/11 0.24 0.20 1881.60 
531 9.5 9.3 35.55 35.65 35.60 7/12/11 0.28 0.24 1881.32 
532 6.5 6.4 35.65 35.71 35.68 7/12/11 0.21 0.18 1881.04 
533 10.0 9.8 35.71 35.81 35.76 7/12/11 0.30 0.27 1880.76 
534 6.5 6.4 35.81 35.87 35.84 7/12/11 0.16 0.12 1880.47 
535 6.5 6.4 35.87 35.94 35.91 7/12/11 0.19 0.16 1880.18 
536 7.5 7.3 35.94 36.01 35.97 7/12/11 0.85 0.82 1879.89 
537 6.5 6.6 36.01 36.08 36.04 7/12/11 0.25 0.22 1879.60 
538 6.5 6.6 36.08 36.14 36.11 7/12/11 0.36 0.33 1879.31 
539 6.5 6.6 36.14 36.21 36.17 7/12/11 0.50 0.47 1879.02 
540 6.5 6.6 36.21 36.27 36.24 7/12/11 0.24 0.21 1878.66 
541 8.2 8.3 36.27 36.36 36.31 7/12/11 0.47 0.44 1878.31 
542 10.8 10.9 36.36 36.46 36.41 7/12/11 0.39 0.37 1877.96 
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543 6.5 6.6 36.46 36.53 36.50 7/12/11 0.22 0.19 1877.61 
544 6.5 6.6 36.53 36.60 36.56 7/12/11 0.16 0.13 1877.32 
545 6.5 6.6 36.60 36.66 36.63 7/12/11 0.17 0.15 1877.04 
546 5.8 5.9 36.66 36.72 36.69 7/12/11 0.41 0.38 1876.75 
547 6.5 6.8 36.72 36.79 36.75 7/12/11 0.13 0.10 1876.46 
548 6.5 6.8 36.79 36.86 36.82 7/12/11 0.13 0.10 1876.18 
549 6.5 6.8 36.86 36.92 36.89 7/12/11 0.12 0.09 1875.89 
550 6.2 6.5 36.92 36.99 36.96 7/12/11 0.36 0.32 1875.60 
551 6.5 6.8 36.99 37.06 37.02 7/12/11 0.31 0.28 1875.32 
552 6.5 6.8 37.06 37.13 37.09 7/12/11 0.24 0.21 1875.03 
553 6.5 6.8 37.13 37.20 37.16 7/12/11 0.24 0.20 1874.75 
554 6.5 6.8 37.20 37.26 37.23 7/12/11 0.38 0.34 1874.45 
555 7.8 8.2 37.26 37.35 37.30 7/12/11 0.29 0.25 1874.16 
556 9.2 9.7 37.35 37.44 37.39 7/12/11 0.62 0.58 1873.87 
557 6.5 6.7 37.44 37.51 37.48 7/12/11 2.90 2.86 1873.58 
558 6.5 6.7 37.51 37.58 37.54 7/12/11 3.35 3.30 1873.28 
559 6.5 6.7 37.58 37.64 37.61 7/12/11 0.50 0.45 1872.99 
560 6.5 6.7 37.64 37.71 37.68 7/12/11 0.59 0.54 1872.75 
561 6.5 6.7 37.71 37.78 37.75 7/12/11 0.74 0.69 1872.51 
562 10.8 11.2 37.78 37.89 37.84 7/12/11 1.03 0.99 1872.26 
563 6.5 6.7 37.89 37.96 37.93 7/12/11 0.28 0.24 1872.02 
564 6.5 6.7 37.96 38.03 37.99 7/12/11 0.56 0.52 1871.78 
565 6.5 6.7 38.03 38.09 38.06 7/12/11 1.13 1.09 1871.53 
566 6.6 6.8 38.09 38.16 38.13 7/12/11 0.46 0.42 1871.29 
567 6.5 6.6 38.16 38.23 38.20 7/12/11 0.90 0.86 1871.05 
568 7.7 7.8 38.23 38.31 38.27 7/12/11 2.89 2.85 1870.80 
569 6.5 6.6 38.31 38.37 38.34 7/12/11 0.87 0.83 1870.56 
570 6.5 6.6 38.37 38.44 38.41 7/12/11 1.07 1.03 1870.31 
571 6.5 6.6 38.44 38.50 38.47 7/12/11 1.10 1.06 1870.09 
572 10.2 10.3 38.50 38.61 38.56 7/12/11 0.35 0.31 1869.86 
573 6.5 6.6 38.61 38.67 38.64 7/12/11 0.26 0.22 1869.63 
574 6.5 6.6 38.67 38.74 38.71 7/12/11 0.49 0.45 1869.40 
575 6.5 6.6 38.74 38.81 38.77 7/12/11 0.20 0.16 1869.06 
576 11.5 11.7 38.81 38.92 38.86 7/12/11 1.66 1.62 1868.73 
577 6.5 6.7 38.92 38.99 38.96 7/12/11 0.37 0.34 1868.39 
578 6.5 6.7 38.99 39.06 39.02 7/12/11 0.36 0.33 1868.06 
579 6.5 6.7 39.06 39.12 39.09 7/12/11 0.20 0.17 1867.73 
580 7.4 7.6 39.12 39.20 39.16 7/12/11 0.31 0.28 1867.39 
581 6.5 6.7 39.20 39.27 39.23 7/12/11 0.83 0.80 1867.06 
582 6.5 6.7 39.27 39.33 39.30 7/12/11 0.60 0.56 1866.72 
583 9.9 10.2 39.33 39.44 39.39 7/12/11 0.44 0.40 1866.39 
584 6.5 6.7 39.44 39.50 39.47 7/12/11 0.27 0.23 1866.06 
585 9.6 9.9 39.50 39.60 39.55 7/12/11 0.33 0.30 1865.72 
586 4.8 5.0 39.60 39.65 39.63 7/12/11 3.52 3.49 1865.39 
587 6.5 6.6 39.65 39.72 39.69 7/12/11 0.48 0.45 1864.99 
588 6.5 6.6 39.72 39.79 39.75 7/12/11 0.38 0.35 1864.60 
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APPENDIX	  B	  
BLEWETT	  PASS	  SAMPLE	  INFORMATION	  
2009-­‐2010	  
Date 
Collected 
Date 
Analyzed No. 
Total 
Depth 
(cm) 
Res. 
(cm) 
Top 
(cm) 
Bot. 
(cm) 
Mid. 
(cm) 
Raw 
BC1 
(µg/L) 
Total 
BC2 
(µg/L) 
11/29/09 1/11/11 1 17 5 17 12 14.5 0.56 0.52 
11/29/09 1/11/11 2 17 5 12 7 9.5 0.64 0.60 
11/29/09 1/11/11 3 17 7 7 0 3.5 1.66 1.62 
                    
12/11/09 1/11/11 1 27 5 27 22 24.5 1.79 1.74 
12/11/09 1/11/11 2 27 5 22 17 19.5 0.56 0.52 
12/11/09 1/11/11 3 27 5 17 12 14.5 0.86 0.82 
12/11/09 1/11/11 4 27 5 12 7 9.5 0.96 0.91 
12/11/09 1/11/11 5 27 7 7 0 3.5 0.56 0.52 
12/11/09 1/11/11 Precip -- -- -- -- -- 0.52 0.48 
                    
12/17/09 11/5/10 1 41 5 41 36 38.5 0.12 0.10 
12/17/09 11/5/10 2 41 5 36 31 33.5 0.07 0.05 
12/17/09 11/5/10 3 41 5 31 26 28.5 0.04 0.02 
12/17/09 11/5/10 4 41 5 26 21 23.5 0.12 0.10 
12/17/09 11/5/10 5 41 5 21 16 18.5 2.12 2.10 
12/17/09 11/5/10 6 41 5 16 11 13.5 1.12 1.10 
12/17/09 11/5/10 7 41 5 11 6 8.5 0.55 0.53 
12/17/09 11/5/10 8 41 6 6 0 3 0.72 0.70 
12/17/09 11/5/10 Precip -- -- -- -- -- 0.16 0.14 
                    
1/8/10 1/11/11 1 52 5 52 47 49.5 0.51 0.47 
1/8/10 1/11/11 2 52 5 47 42 44.5 0.06 0.01 
1/8/10 1/11/11 3 52 5 42 37 39.5 0.05 0.00 
1/8/10 1/11/11 4 52 5 37 32 34.5 0.24 0.18 
1/8/10 1/11/11 5 52 5 32 27 29.5 0.08 0.03 
1/8/10 1/11/11 6 52 5 27 22 24.5 0.11 0.06 
1/8/10 1/11/11 7 52 5 22 17 19.5 0.40 0.34 
1/8/10 1/11/11 8 52 5 17 12 14.5 0.16 0.11 
1/8/10 1/11/11 9 52 5 12 7 9.5 0.27 0.22 
1/8/10 1/11/11 10 52 7 7 0 3.5 1.52 1.46 
1/8/10 1/11/11 11 -- Surface -- -- -- 0.95 0.90 
1/8/10 1/11/11 12 -- Surface -- -- -- 0.60 0.54 
1/8/10 1/11/11 13 -- Surface -- -- -- 0.57 0.51 
1/8/10 1/11/11 14 -- Surface -- -- -- 1.14 1.08 
1/8/10 1/11/11 15 -- Surface -- -- -- 1.46 1.40 
1/8/10 1/11/11 16 -- Surface -- -- -- 0.85 0.79 
1/8/10 1/11/11 17 -- Surface -- -- -- 1.88 1.82 
1/8/10 1/11/11 Precip -- Surface -- -- -- 0.19 0.13 
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1/18/10 1/12/11 1 68 5 68 63 65.5 0.11 0.03 
1/18/10 1/12/11 2 68 5 63 58 60.5 0.19 0.12 
1/18/10 1/12/11 3 68 5 58 53 55.5 0.31 0.23 
1/18/10 1/12/11 4 68 5 53 48 50.5 0.17 0.10 
1/18/10 1/12/11 5 68 5 48 43 45.5 0.04 0.00 
1/18/10 1/12/11 6 68 5 43 38 40.5 0.29 0.23 
1/18/10 1/12/11 8 68 5 38 33 35.5 0.21 0.15 
1/18/10 1/12/11 9 68 5 33 28 30.5 0.23 0.18 
1/18/10 1/12/11 10 68 5 28 23 25.5 0.12 0.07 
1/18/10 1/12/11 11 68 5 23 18 20.5 1.00 0.95 
1/18/10 1/12/11 12 68 5 18 13 15.5 1.51 1.47 
1/18/10 1/12/11 13 68 5 13 8 10.5 1.14 1.09 
1/18/10 1/12/11 14 68 8 8 0 4 3.02 2.98 
1/18/10 1/12/11 Precip -- -- -- -- -- 0.31 0.28 
                    
1/22/10 1/12/11 1 75 5 75 70 72.5 0.58 0.55 
1/22/10 1/12/11 2 75 5 70 65 67.5 0.37 0.34 
1/22/10 1/12/11 3 75 5 65 60 62.5 1.70 1.66 
1/22/10 1/12/11 4 75 5 60 55 57.5 0.28 0.25 
1/22/10 1/12/11 5 75 5 55 50 52.5 0.39 0.36 
1/22/10 1/12/11 6 75 5 50 45 47.5 0.50 0.47 
1/22/10 1/12/11 7 75 5 45 40 42.5 0.48 0.45 
1/22/10 1/12/11 8 75 5 40 35 37.5 0.09 0.06 
1/22/10 1/12/11 9 75 5 35 30 32.5 0.08 0.05 
1/22/10 1/12/11 10 75 5 30 25 27.5 0.14 0.11 
1/22/10 1/12/11 11 75 5 25 20 22.5 0.15 0.12 
1/22/10 1/12/11 12 75 5 20 15 17.5 0.38 0.35 
1/22/10 1/12/11 13 75 5 15 10 12.5 1.32 1.29 
1/22/10 1/12/11 14 75 10 10 0 5 0.95 0.92 
1/22/10 1/12/11 Precip -- -- -- -- -- 0.46 0.43 
                    
1/29/10 1/13/11 1 79 5 79 74 76.5 0.33 0.29 
1/29/10 1/13/11 2 79 5 74 69 71.5 0.21 0.17 
1/29/10 1/13/11 3 79 5 69 64 66.5 0.52 0.49 
1/29/10 1/13/11 4 79 5 64 59 61.5 0.44 0.40 
1/29/10 1/13/11 5 79 5 59 54 56.5 0.74 0.70 
1/29/10 1/13/11 6 79 5 54 49 51.5 0.27 0.23 
1/29/10 1/13/11 7 79 5 49 44 46.5 0.53 0.49 
1/29/10 1/13/11 8 79 5 44 39 41.5 0.17 0.14 
1/29/10 1/13/11 9 79 5 39 34 36.5 0.08 0.04 
1/29/10 1/13/11 10 79 5 34 29 31.5 0.15 0.12 
1/29/10 1/13/11 11 79 5 29 24 26.5 0.24 0.20 
1/29/10 1/13/11 12 79 5 24 19 21.5 0.26 0.23 
1/29/10 1/13/11 13 79 5 19 14 16.5 0.89 0.85 
1/29/10 1/13/11 14 79 5 14 9 11.5 1.41 1.37 
1/29/10 1/13/11 15 79 9 9 0 4.5 0.94 0.90 
1/29/10 1/13/11 Precip -- -- -- -- -- 0.36 0.32 
                    
2/6/10 1/13/11 1 89 5 89 84 86.5 0.15 0.12 
2/6/10 1/13/11 2 89 5 84 79 81.5 0.57 0.54 
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2/6/10 1/13/11 3 89 5 79 74 76.5 0.46 0.42 
2/6/10 1/13/11 4 89 5 74 69 71.5 0.05 0.01 
2/6/10 1/13/11 5 89 5 69 64 66.5 0.34 0.31 
2/6/10 1/13/11 6 89 5 64 59 61.5 0.58 0.55 
2/6/10 1/13/11 7 89 5 59 54 56.5 0.43 0.40 
2/6/10 1/13/11 8 89 5 54 49 51.5 0.34 0.32 
2/6/10 1/13/11 9 89 5 49 44 46.5 0.42 0.40 
2/6/10 1/13/11 10 89 5 44 39 41.5 0.06 0.04 
2/6/10 1/13/11 11 89 5 39 34 36.5 0.05 0.03 
2/6/10 1/13/11 12 89 5 34 29 31.5 0.26 0.24 
2/6/10 1/13/11 13 89 5 29 24 26.5 0.11 0.09 
2/6/10 1/13/11 14 89 5 24 19 21.5 1.77 1.75 
2/6/10 1/13/11 15 89 5 19 14 16.5 1.08 1.06 
2/6/10 1/13/11 16 89 5 14 9 11.5 0.43 0.41 
2/6/10 1/13/11 17 89 9 9 0 4.5 1.74 1.72 
2/6/10 1/13/11 Precip -- -- -- -- -- 1.02 1.00 
                    
2/12/10 1/13/11 1 81 5 81 76 78.5 0.45 0.42 
2/12/10 1/13/11 2 81 5 76 71 73.5 0.25 0.22 
2/12/10 1/13/11 3 81 5 71 66 68.5 0.22 0.20 
2/12/10 1/13/11 4 81 5 66 61 63.5 0.08 0.06 
2/12/10 1/13/11 5 81 5 61 56 58.5 0.75 0.72 
2/12/10 1/13/11 6 81 5 56 51 53.5 1.28 1.25 
2/12/10 1/13/11 7 81 5 51 46 48.5 0.37 0.35 
2/12/10 1/13/11 8 81 5 46 41 43.5 0.21 0.19 
2/12/10 1/13/11 9 81 5 41 36 38.5 0.09 0.06 
2/12/10 1/13/11 10 81 5 36 31 33.5 0.21 0.18 
2/12/10 1/13/11 11 81 5 31 26 28.5 0.25 0.22 
2/12/10 1/13/11 12 81 5 26 21 23.5 0.14 0.11 
2/12/10 1/13/11 13 81 5 21 16 18.5 1.72 1.69 
2/12/10 1/13/11 14 81 5 16 11 13.5 1.02 0.99 
2/12/10 1/13/11 15 81 5 11 6 8.5 1.89 1.85 
2/12/10 1/13/11 16 81 6 6 0 3 2.08 2.04 
2/12/10 1/13/11 Precip -- -- -- -- -- 0.99 0.96 
                    
2/24/10 1/17/11 1 78 5 78 73 75.5 0.74 0.71 
2/24/10 1/17/11 2 78 5 73 68 70.5 3.23 3.19 
2/24/10 1/17/11 3 78 5 68 63 65.5 0.96 0.92 
2/24/10 1/17/11 4 78 5 63 58 60.5 0.31 0.27 
2/24/10 1/17/11 5 78 5 58 53 55.5 0.32 0.28 
2/24/10 1/17/11 6 78 5 53 48 50.5 1.50 1.46 
2/24/10 1/17/11 7 78 5 48 43 45.5 0.70 0.66 
2/24/10 1/17/11 8 78 5 43 38 40.5 0.47 0.43 
2/24/10 1/17/11 9 78 5 38 33 35.5 0.17 0.13 
2/24/10 1/17/11 10 78 5 33 28 30.5 0.10 0.06 
2/24/10 1/17/11 11 78 5 28 23 25.5 0.15 0.10 
2/24/10 1/17/11 12 78 5 23 18 20.5 0.11 0.07 
2/24/10 1/17/11 13 78 5 18 13 15.5 0.88 0.83 
2/24/10 1/17/11 14 78 5 13 8 10.5 0.57 0.53 
2/24/10 1/17/11 15 78 8 8 0 4 0.57 0.53 
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2/24/10 1/17/11 Precip -- -- -- -- -- 0.51 0.46 
                    
3/5/10 1/17/11 1-1 83 5 83 78 80.5 2.97 2.92 
3/5/10 1/17/11 1-2 83 5 78 73 75.5 1.07 1.02 
3/5/10 1/17/11 1-3 83 5 73 68 70.5 0.67 0.63 
3/5/10 1/17/11 1-4 83 5 68 63 65.5 0.52 0.48 
3/5/10 1/17/11 1-5 83 5 63 58 60.5 0.32 0.28 
3/5/10 1/17/11 1-6 83 5 58 53 55.5 0.72 0.68 
3/5/10 1/17/11 1-7 83 5 53 48 50.5 0.33 0.29 
3/5/10 1/17/11 1-8 83 5 48 43 45.5 0.37 0.33 
3/5/10 1/17/11 1-9 83 5 43 38 40.5 0.33 0.30 
3/5/10 1/17/11 1-10 83 5 38 33 35.5 0.07 0.03 
3/5/10 1/17/11 1-11 83 5 33 28 30.5 0.06 0.02 
3/5/10 1/17/11 1-12 83 5 28 23 25.5 0.15 0.12 
3/5/10 1/17/11 1-13 83 5 23 18 20.5 0.14 0.11 
3/5/10 1/17/11 1-14 83 5 18 13 15.5 1.61 1.58 
3/5/10 1/17/11 1-15 83 5 13 8 10.5 1.47 1.44 
3/5/10 1/17/11 1-16 83 5 8 3 5.5 0.87 0.85 
3/5/10 1/17/11 1-17 83 3 3 0 1.5 3.89 3.87 
3/5/10 1/17/11 2-1 83 5 83 78 80.5 1.51 1.49 
3/5/10 1/17/11 2-2 83 5 78 73 75.5 1.91 1.89 
3/5/10 1/17/11 2-3 83 5 73 68 70.5 1.17 1.14 
3/5/10 1/17/11 2-4 83 5 68 63 65.5 1.20 1.18 
3/5/10 1/17/11 2-5 83 5 63 58 60.5 0.30 0.28 
3/5/10 1/17/11 2-6 83 5 58 53 55.5 0.50 0.48 
3/5/10 1/17/11 2-7 83 5 53 48 50.5 0.37 0.35 
3/5/10 1/17/11 2-8 83 5 48 43 45.5 0.22 0.20 
3/5/10 1/17/11 2-9 83 5 43 38 40.5 0.16 0.14 
3/5/10 1/17/11 2-10 83 5 38 33 35.5 0.07 0.05 
3/5/10 1/17/11 2-11 83 5 33 28 30.5 0.13 0.11 
3/5/10 1/17/11 2-12 83 5 28 23 25.5 0.25 0.23 
3/5/10 1/17/11 2-13 83 5 23 18 20.5 0.12 0.10 
3/5/10 1/17/11 2-14 83 5 18 13 15.5 3.64 3.62 
3/5/10 1/17/11 2-15 83 5 13 8 10.5 1.16 1.14 
3/5/10 1/17/11 2-16 83 8 8 0 4 2.48 2.46 
3/5/10 1/17/11 Precip -- -- -- -- -- 0.28 0.26 
                    
3/14/10 1/18/11 1 79 5 79 74 76.5 1.64 1.60 
3/14/10 1/18/11 2 79 5 74 69 71.5 1.57 1.53 
3/14/10 1/18/11 3 79 5 69 64 66.5 1.61 1.57 
3/14/10 1/18/11 4 79 5 64 59 61.5 0.97 0.93 
3/14/10 1/18/11 5 79 5 59 54 56.5 0.32 0.28 
3/14/10 1/18/11 6 79 5 54 49 51.5 1.09 1.04 
3/14/10 1/18/11 7 79 5 49 44 46.5 0.99 0.95 
3/14/10 1/18/11 8 79 5 44 39 41.5 0.61 0.56 
3/14/10 1/18/11 9 79 5 39 34 36.5 0.21 0.16 
3/14/10 1/18/11 10 79 5 34 29 31.5 0.19 0.14 
3/14/10 1/18/11 11 79 5 29 24 26.5 1.06 1.01 
3/14/10 1/18/11 12 79 5 24 19 21.5 0.16 0.11 
3/14/10 1/18/11 13 79 5 19 14 16.5 0.12 0.07 
	   119	  
3/14/10 1/18/11 14 79 5 14 9 11.5 3.12 3.07 
3/14/10 1/18/11 15 79 9 9 0 4.5 -- -- 
3/14/10 1/18/11 Precip -- -- -- -- -- 0.91 0.86 
                    
3/24/10 1/18/11 1 64 5 64 59 61.5 4.02 3.96 
3/24/10 1/18/11 2 64 5 59 54 56.5 1.69 1.63 
3/24/10 1/18/11 3 64 5 54 49 51.5 1.28 1.22 
3/24/10 1/18/11 4 64 5 49 44 46.5 0.70 0.64 
3/24/10 1/18/11 5 64 5 44 39 41.5 0.36 0.30 
3/24/10 1/18/11 6 64 5 39 34 36.5 0.40 0.35 
3/24/10 1/18/11 7 64 5 34 29 31.5 0.10 0.04 
3/24/10 1/18/11 8 64 5 29 24 26.5 0.22 0.16 
3/24/10 1/18/11 9 64 5 24 19 21.5 0.15 0.10 
3/24/10 1/18/11 10 64 5 19 14 16.5 0.20 0.15 
3/24/10 1/18/11 11 64 5 14 9 11.5 3.34 3.28 
3/24/10 1/18/11 12 64 5 9 4 6.5 2.99 2.94 
3/24/10 1/18/11 13 64 4 4 0 2 2.40 2.35 
3/24/10 1/18/11 Precip -- -- -- -- -- 5.54 5.49 
3/24/10 1/18/11 Melt -- -- -- -- -- 0.29 0.24 
                    
4/1/10 1/31/11 1 56 5 56 51 53.5 0.36 0.33 
4/1/10 1/31/11 2 56 5 51 46 48.5 2.68 2.65 
4/1/10 1/31/11 3 56 5 46 41 43.5 2.90 2.87 
4/1/10 1/31/11 4 56 5 41 36 38.5 3.20 3.17 
4/1/10 1/31/11 5 56 5 36 31 33.5 1.15 1.13 
4/1/10 1/31/11 6 56 5 31 26 28.5 0.38 0.36 
4/1/10 1/31/11 7 56 5 26 21 23.5 1.02 0.99 
4/1/10 1/31/11 8 56 5 21 16 18.5 0.66 0.63 
4/1/10 1/31/11 9 56 5 16 11 13.5 0.80 0.77 
4/1/10 1/31/11 10 56 6 11 5 8 6.61 6.58 
4/1/10 1/31/11 Precip -- -- -- -- -- 0.47 0.45 
4/1/10 1/31/11 Melt -- -- -- -- -- 0.23 0.21 
                    
4/7/10 1/31/11 1 58 5 58 53 55.5 0.96 0.94 
4/7/10 1/31/11 2 58 5 53 48 50.5 0.98 0.96 
4/7/10 1/31/11 3 58 5 48 43 45.5 2.49 2.47 
4/7/10 1/31/11 4 58 5 43 38 40.5 3.39 3.37 
4/7/10 1/31/11 5 58 5 38 33 35.5 3.42 3.40 
4/7/10 1/31/11 6 58 5 33 28 30.5 1.64 1.62 
4/7/10 1/31/11 7 58 5 28 23 25.5 1.28 1.26 
4/7/10 1/31/11 8 58 5 23 18 20.5 0.77 0.75 
4/7/10 1/31/11 9 58 5 18 13 15.5 0.55 0.53 
4/7/10 1/31/11 10 58 5 13 8 10.5 0.65 0.63 
4/7/10 1/31/11 11 58 8 8 0 4 4.59 4.57 
4/7/10 1/31/11 Precip 58 -- -- -- -- 1.68 1.66 
                    
4/14/10 1/31/11 1 61 5 61 56 58.5 1.48 1.46 
4/14/10 1/31/11 2 61 5 56 51 53.5 0.63 0.61 
4/14/10 1/31/11 3 61 5 51 46 48.5 2.25 2.23 
4/14/10 1/31/11 4 61 5 46 41 43.5 2.18 2.16 
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4/14/10 1/31/11 5 61 5 41 36 38.5 2.05 2.03 
4/14/10 1/31/11 6 61 5 36 31 33.5 0.77 0.74 
4/14/10 1/31/11 7 61 5 31 26 28.5 0.32 0.29 
4/14/10 1/31/11 8 61 5 26 21 23.5 0.27 0.24 
4/14/10 1/31/11 9 61 5 21 16 18.5 0.42 0.39 
4/14/10 1/31/11 10 61 5 16 11 13.5 2.28 2.25 
4/14/10 1/31/11 11 61 11 11 0 5.5 5.25 5.22 
4/14/10 1/31/11 Precip -- -- -- -- -- 1.97 1.94 
4/14/10 1/31/11 Melt -- -- -- -- -- 0.40 0.37 
                    
4/21/10 1/31/11 1-1 26 5 26 21 23.5 2.91 2.88 
4/21/10 1/31/11 1-2 26 5 21 16 18.5 2.76 2.73 
4/21/10 1/31/11 1-3 26 5 16 11 13.5 5.96 5.93 
4/21/10 1/31/11 1-4 26 5 11 6 8.5 4.36 4.33 
4/21/10 1/31/11 1-5 26 6 6 0 3 3.33 3.31 
4/21/10 1/31/11 2-1 38 5 38 33 35.5 7.48 7.45 
4/21/10 1/31/11 2-2 38 5 33 28 30.5 4.25 4.22 
4/21/10 1/31/11 2-3 38 5 28 23 25.5 1.81 1.78 
4/21/10 1/31/11 2-4 38 5 23 18 20.5 5.43 5.40 
4/21/10 1/31/11 2-5 38 5 18 13 15.5 6.49 6.46 
4/21/10 1/31/11 2-6 38 5 13 8 10.5 1.74 1.71 
4/21/10 1/31/11 2-7 38 8 8 0 4 9.90 9.88 
4/21/10 1/31/11 Precip -- -- -- -- -- 7.58 7.55 
4/21/10 1/31/11 Melt -- -- -- -- -- 2.05 2.02 
                    
4/28/10 1/18/11 1-1 15 5 15 10 12.5 16.38 16.32 
4/28/10 1/18/11 1-2 15 5 10 5 7.5 15.96 15.91 
4/28/10 1/18/11 1-3 15 5 5 0 2.5 18.14 18.08 
4/28/10 1/18/11 2-1 30 5 30 25 27.5 7.84 7.78 
4/28/10 1/18/11 2-2 30 5 25 20 22.5 1.49 1.43 
4/28/10 1/18/11 2-3 30 5 20 15 17.5 5.74 5.68 
4/28/10 1/18/11 2-4 30 5 15 10 12.5 9.92 9.86 
4/28/10 1/18/11 2-5 30 5 10 5 7.5 8.38 8.33 
4/28/10 1/18/11 2-6 30 5 5 0 2.5 6.83 6.77 
4/28/10 1/18/11 Precip -- -- -- -- -- 0.02 0.00 
4/28/10 1/18/11 Melt -- -- -- -- -- 5.46 5.40 
                    
5/6/10 1/31/11 Precip -- -- -- -- -- 1.46 1.43 
5/6/10 1/31/11 Precip -- -- -- -- -- 7.05 7.02 
1Combination of broadband high-gain and narrow-band low-gain acquisition channels on SP2.	  
2Raw BC data with daily background concentrations (MQ water) subtracted. Negative numbers 
indicate samples where background MQ had concentration higher than sample.	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Date 
Sampled 
Date 
Analyzed No. 
Total 
Depth 
(cm) 
Res. 
(cm) 
Top 
(cm) 
Bot. 
(cm) 
Mid. 
(cm) 
Raw 
BC1 
(µg/L) 
Total 
BC2 
(µg/L) 
11/21/10 7/15/11 1 13 5 0 5 2.5 1.88 1.86 
11/21/10 7/15/11 2 13 8 5 13 9 0.58 0.56 
11/21/10 7/15/11 Precip -- -- -- -- -- 0.50 0.48 
                    
12/7/10 7/15/11 1 28 5 0 5 2.5 0.36 0.35 
12/7/10 7/15/11 2 28 5 5 10 7.5 0.14 0.12 
12/7/10 7/15/11 3 28 5 10 15 12.5 0.20 0.19 
12/7/10 7/15/11 4 28 5 15 20 17.5 0.17 0.16 
12/7/10 7/15/11 5 28 8 20 28 24 0.35 0.34 
12/7/10 7/15/11 Precip -- -- -- -- -- 0.49 0.47 
                    
12/12/10 7/15/11 1 65 5 0 5 2.5 0.09 0.07 
12/12/10 7/15/11 2 65 5 5 10 7.5 0.08 0.08 
12/12/10 7/15/11 3 65 5 10 15 12.5 0.05 0.04 
12/12/10 7/15/11 4 65 5 15 20 17.5 0.04 0.03 
12/12/10 7/15/11 5 65 5 20 25 22.5 0.03 0.03 
12/12/10 7/15/11 6 65 5 25 30 27.5 0.04 0.03 
12/12/10 7/15/11 7 65 5 30 35 32.5 0.11 0.10 
12/12/10 7/15/11 8 65 5 35 40 37.5 0.13 0.12 
12/12/10 7/15/11 9 65 5 40 45 42.5 0.27 0.26 
12/12/10 7/15/11 10 65 5 45 50 47.5 0.08 0.07 
12/12/10 7/15/11 11 65 5 50 55 52.5 0.14 0.13 
12/12/10 7/15/11 12 65 5 55 60 57.5 0.22 0.20 
12/12/10 7/15/11 13 65 5 60 65 62.5 0.76 0.75 
12/12/10 7/15/11 Precip -- -- -- -- -- 0.52 0.51 
                    
1/7/11 7/25/11 1 45 5 0 5 2.5 0.49 0.47 
1/7/11 7/25/11 2 45 5 5 10 7.5 0.17 0.16 
1/7/11 7/25/11 3 45 5 10 15 12.5 0.14 0.13 
1/7/11 7/25/11 4 45 5 15 20 17.5 0.16 0.15 
1/7/11 7/25/11 5 45 5 20 25 22.5 0.04 0.03 
1/7/11 7/25/11 6 45 5 25 30 27.5 0.03 0.02 
1/7/11 7/25/11 7 45 5 30 35 32.5 0.06 0.05 
1/7/11 7/25/11 8 45 5 35 40 37.5 0.06 0.05 
1/7/11 7/25/11 9 45 5 40 45 42.5 0.09 0.08 
1/7/11 7/25/11 Precip -- -- -- -- -- 0.33 0.32 
                    
1/14/11 7/25/11 1 47 5 0 5 2.5 0.17 0.16 
1/14/11 7/25/11 2 47 5 5 10 7.5 0.32 0.31 
1/14/11 7/25/11 3 47 5 10 15 12.5 0.08 0.07 
1/14/11 7/25/11 4 47 5 15 20 17.5 0.16 0.15 
1/14/11 7/25/11 5 47 5 20 25 22.5 0.07 0.07 
1/14/11 7/25/11 6 47 5 25 30 27.5 0.04 0.03 
1/14/11 7/25/11 7 47 5 30 35 32.5 0.08 0.07 
1/14/11 7/25/11 8 47 5 35 40 37.5 0.03 0.02 
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1/14/11 7/25/11 9 47 7 40 47 43.5 0.11 0.10 
1/14/11 7/25/11 Precip -- -- -- -- -- 0.05 0.04 
                    
1/19/11 7/25/11 1 32 5 0 5 2.5 0.61 0.60 
1/19/11 7/25/11 2 32 5 5 10 7.5 0.07 0.06 
1/19/11 7/25/11 3 32 5 10 15 12.5 0.08 0.07 
1/19/11 7/25/11 4 32 5 15 20 17.5 0.06 0.05 
1/19/11 7/25/11 5 32 5 20 25 22.5 0.08 0.08 
1/19/11 7/25/11 6 32 7 25 32 28.5 0.15 0.14 
1/19/11 7/25/11 Precip -- -- -- -- -- 0.47 0.47 
                    
1/28/11 7/25/11 1 33 5 0 5 2.5 0.40 0.39 
1/28/11 7/25/11 2 33 5 5 10 7.5 0.09 0.08 
1/28/11 7/25/11 3 33 5 10 15 12.5 0.06 0.05 
1/28/11 7/25/11 4 33 5 15 20 17.5 0.06 0.05 
1/28/11 7/25/11 5 33 5 20 25 22.5 0.32 0.31 
1/28/11 7/25/11 6 33 8 25 33 29 0.39 0.38 
1/28/11 7/25/11 Precip -- -- -- -- -- 0.27 0.25 
                    
2/11/11 7/25/11 1 35 5 0 5 2.5 0.05 0.04 
2/11/11 7/25/11 2 35 5 5 10 7.5 0.86 0.85 
2/11/11 7/25/11 3 35 5 10 15 12.5 0.59 0.58 
2/11/11 7/25/11 4 35 5 15 20 17.5 0.15 0.14 
2/11/11 7/25/11 5 35 5 20 25 22.5 0.12 0.10 
2/11/11 7/25/11 6 35 5 25 30 27.5 0.10 0.08 
2/11/11 7/25/11 7 35 5 30 35 32.5 0.50 0.48 
2/11/11 7/25/11 Precip -- -- -- -- -- 0.24 0.23 
                    
2/23/11 7/25/11 1 55 5 0 5 2.5 0.06 0.05 
2/23/11 7/25/11 2 55 5 5 10 7.5 0.20 0.19 
2/23/11 7/25/11 3 55 5 10 15 12.5 0.95 0.93 
2/23/11 7/25/11 4 55 5 15 20 17.5 0.33 0.31 
2/23/11 7/25/11 5 55 5 20 25 22.5 0.26 0.24 
2/23/11 7/25/11 6 55 5 25 30 27.5 0.70 0.68 
2/23/11 7/25/11 7 55 5 30 35 32.5 0.15 0.13 
2/23/11 7/25/11 8 55 5 35 40 37.5 Empty 0.07 
2/23/11 7/25/11 9 55 5 40 45 42.5 0.08 0.06 
2/23/11 7/25/11 10 55 5 45 50 47.5 0.15 0.13 
2/23/11 7/25/11 11 55 5 50 55 52.5 0.57 0.55 
2/23/11 7/25/11 Precip -- -- -- -- -- 0.59 0.57 
                    
3/4/11 8/1/11 1 65 5 0 5 2.5 0.41 0.41 
3/4/11 8/1/11 2 65 5 5 10 7.5 0.11 0.11 
3/4/11 8/1/11 3 65 5 10 15 12.5 0.05 0.05 
3/4/11 8/1/11 4 65 5 15 20 17.5 0.06 0.06 
3/4/11 8/1/11 5 65 5 20 25 22.5 0.18 0.18 
3/4/11 8/1/11 6 65 5 25 30 27.5 0.12 0.12 
3/4/11 8/1/11 7 65 5 30 35 32.5 0.24 0.24 
3/4/11 8/1/11 8 65 5 35 40 37.5 0.14 0.14 
3/4/11 8/1/11 9 65 5 40 45 42.5 0.31 0.10 
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3/4/11 8/1/11 10 65 5 45 50 47.5 0.10 0.07 
3/4/11 8/1/11 11 65 5 50 55 52.5 0.07 0.09 
3/4/11 8/1/11 12 65 5 55 60 57.5 0.09 0.11 
3/4/11 8/1/11 13 65 5 60 65 2.5 
Too 
dirty 
Too 
dirty 
3/4/11 8/1/11 Precip -- -- -- -- -- 0.11 0.16 
                    
3/11/11 8/1/11 1 65 5 0 5 2.5 0.33 0.31 
3/11/11 8/1/11 2 65 5 5 10 7.5 0.10 0.08 
3/11/11 8/1/11 3 65 5 10 15 12.5 EMPTY EMPTY 
3/11/11 8/1/11 4 65 5 15 20 17.5 0.47 0.45 
3/11/11 8/1/11 5 65 5 20 25 22.5 0.24 0.22 
3/11/11 8/1/11 6 65 5 25 30 27.5 0.35 0.33 
3/11/11 8/1/11 7 65 5 30 35 32.5 0.32 0.30 
3/11/11 8/1/11 8 65 5 35 40 37.5 0.15 0.13 
3/11/11 8/1/11 9 65 5 40 45 42.5 0.06 0.04 
3/11/11 8/1/11 10 65 5 45 50 47.5 0.07 0.05 
3/11/11 8/1/11 11 65 5 50 55 52.5 0.10 0.08 
3/11/11 8/1/11 12 65 5 55 60 57.5 0.29 0.27 
3/11/11 8/1/11 13 65 5 60 65 2.5 0.64 0.62 
3/11/11 8/1/11 Precip -- -- -- -- -- 0.82 0.80 
                    
3/18/11 7/22/11 1 75 5 0 5 2.5 0.99 0.99 
3/18/11 7/22/11 2 75 5 5 10 7.5 EMPTY EMPTY 
3/18/11 7/22/11 3 75 5 10 15 12.5 0.40 0.40 
3/18/11 7/22/11 4 75 5 15 20 17.5 0.65 0.65 
3/18/11 7/22/11 5 75 5 20 25 22.5 0.14 0.13 
3/18/11 7/22/11 6 75 5 25 30 27.5 0.32 0.31 
3/18/11 7/22/11 7 75 5 30 35 32.5 0.20 0.20 
3/18/11 7/22/11 8 75 5 35 40 37.5 1.66 1.65 
3/18/11 7/22/11 9 75 5 40 45 42.5 1.12 1.12 
3/18/11 7/22/11 10 75 5 45 50 47.5 0.23 0.22 
3/18/11 7/22/11 11 75 5 50 55 52.5 0.15 0.14 
3/18/11 7/22/11 12 75 5 55 60 57.5 0.06 0.06 
3/18/11 7/22/11 13 75 5 60 65 62.5 0.47 0.46 
3/18/11 7/22/11 14 75 5 65 70 67.5 0.43 0.42 
3/18/11 7/22/11 15 75 5 70 75 72.5 1.66 1.65 
3/18/11 7/22/11 Precip -- -- -- -- -- 1.65 1.64 
3/18/11 7/22/11 Melt -- -- -- -- -- 0.38 0.37 
                    
3/30/11 3/31/113 1 67 5 0 5 2.5 3.13 3.09 
3/30/11 3/31/113 2 65 5 5 10 7.5 0.84 0.80 
3/30/11 3/31/113 3 65 5 10 15 12.5 0.27 0.24 
3/30/11 3/31/113 4 65 5 15 20 17.5 0.17 0.14 
3/30/11 3/31/113 5 65 5 20 25 22.5 0.04 0.02 
3/30/11 3/31/113 6 65 5 25 30 27.5 0.14 0.12 
3/30/11 3/31/113 7 65 5 30 35 32.5 0.35 0.32 
3/30/11 3/31/113 8 65 5 35 40 37.5 1.08 1.05 
3/30/11 3/31/113 9 65 5 40 45 42.5 0.11 0.09 
3/30/11 3/31/113 10 65 5 45 50 47.5 0.07 0.05 
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3/30/11 3/31/113 11 65 5 50 55 52.5 0.07 0.06 
3/30/11 3/31/113 12 65 5 55 60 57.5 0.25 0.23 
3/30/11 3/31/113 13 65 7 60 67 63.5 0.56 0.53 
3/30/11 3/31/113 Precip -- -- -- -- -- 0.76 0.73 
3/30/11 3/31/113 Melt -- -- -- -- -- 0.63 0.60 
                    
4/8/11 8/1/114 1 58 5 0 5 2.5 0.86 0.85 
4/8/11 8/1/114 2 58 5 5 10 7.5 2.48 2.46 
4/8/11 8/1/114 3 58 5 10 15 12.5 0.13 0.12 
4/8/11 8/1/114 4 58 5 15 20 17.5 0.08 0.07 
4/8/11 8/1/114 5 58 5 20 25 22.5 0.10 0.08 
4/8/11 8/1/114 6 58 5 25 30 27.5 0.76 0.74 
4/8/11 8/1/114 7 58 5 30 35 32.5 0.81 0.79 
4/8/11 8/1/114 8 58 5 35 40 37.5 0.11 0.09 
4/8/11 8/1/114 9 58 5 40 45 42.5 0.21 0.19 
4/8/11 8/1/114 10 58 5 45 50 47.5 0.19 0.16 
4/8/11 8/1/114 11 58 8 50 58 54 1.11 1.09 
4/8/11 8/1/114 Precip -- -- -- -- -- 0.03 0.01 
4/8/11 8/1/114 Melt -- -- -- -- -- 0.81 0.79 
                    
5/20/11 8/1/11 Precip -- -- -- -- -- 1.63 1.61 
5/20/11 8/1/11 Melt -- -- -- -- -- 0.20 0.18 
1Combination of broadband high-gain and narrow-band low-gain acquisition channels on SP2.	  
2Raw BC data with daily background concentrations (MQ water) subtracted. Negative numbers 
indicate samples where background MQ had concentration higher than sample. 
3Sampled multiple times over a period of 54 days (See Ch. III, Fig. 6c) 
4Samples kept frozen until 8/1/11 and analyzed over ~10 days (See Ch. III, Fig. 6b) 
	  
